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^  ABSTRACT 

A  magneto-optic  apparatus  which  incorporates  a  Kerr  electro-optical 
shutter,  a  high-intensity  flash  lamp  source,  and  fast-risetime  pulsed 
magnetic  fields^haalseon  constructed.  This  apparatus  was  designed  for 
the  dynamic  study  of  ferromagnetic  surface  domains^  and^in  particular 
for  the  study  of  thin  permalloy  films.  Photographs  of  10  n^aa^exposure 
duration  can  be  taken  at  any  time  point  over  a  4.  5  *  >*«««  range;  pulsed 
magnetic  fields  up  to  13  oersteds  are  available  for  switching  the  specimen. 

The  magneto-optic  transmission  of  the  system  is  analyzed  for  the  two 
magnetically  saturated  states  of  a  specimen.  Conditions  are  derived  for 
optimum  operation  of  the  system  in  terms  of  the  transmissions  of  these 
states  and  the  ratio  of  the  transmission.  Analysis  is  carried  out  for 
the  effect  of  a  thin  dielectric  layer  upon  the  amplitude  reflection  coefficients. 
A  tentative  explanation  of  color  effects  observed  visually  with  a  dielectric 
coated  specimen  is  given. 

The  geometric  optical  design  of  the  system  is  discussed  with  special 
attention  being  given  to  image  positioning,  image  distortion,  and  aperture 
limitations.  A  new  brightness  theorem  is  derived;  this  theorem  is  partic¬ 
ularly  useful  for  determining  the  illuminance  at  any  point  in  a  lossless 
optical  system. 

Optical  performance  estimates  of  the  systepi,  based  upon  the  analysis 
results,  agree  within  an  order  of  magnitude  of  actual  system  performance . 

Photographs  are  presented  illustrating  reversal  of  a  thin  permalloy  film. 
Visual  observations  of  static  domain  configurations  following  the  application 
of  a  short  duration  magnetic  pulse  to  the  specimen  are  discussed. 
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CHAPTER  I 


PURPOSE  AX©  £±CKQROUND  OF 


pa*#  few  y««4s  tl#fl  lf5ff6Cnaflftdi£  tft*fc%tchnologjf  fias 
^•reXs^cd  to  *he  «rtent  %vh«#e  Sfn«ffift|al  systeBs*  4u%fl  as  •oiflputef 
ffctffcejfces^  hav$  beelfc^vii  SuA  #L]jps  *#c  fa.Tapie*Ufl  J#faflafil/ 
fTite^gRk  fdou^oi  evapMatieN^  ^ectfoQepositi»fc4«aTlfti<Jm«*;  faB- 

H«a#L09^usJ^f  ta*#s  #Xa|#  fcfctfce  p$ e$«*«e  of  a  ft^gnataa  Held  wftiah 

2 

•ausef  a  preferred  orientation  ^f  the  mafnefie  redof  i%  4fc«  film  . 

This  $  ieft#red  4fie^at?on  fs  treated  as  a*  internal  anisc4f opy  field  of 
magrtttude  %eld  As  ^®*<pecessa#fciy  uftiforfX  either  in  magnitude 

o#  4ire€^n- 

Since  ’-ilffib  4%  c?efil  #  JLppfcic anions  a*e*isu»ily  awiiched  frorr*  one 
#eifeanefit  state  to  tB *e  «lfeer,  <|e  pra»ess  by  which  tfcia  fcrrersal  <akes 
place  ii  of  tcfiii^ef  #t4ut  The  purpose  of  this  thesis  i»  to 
ifcrestigaie  *pk©togtaplii«  technique  for  studying  the  Reversal  process; 
the  Basis  £0*  tMws  4\restX^gi!<foJ|  is  the  longitudinal  K«#r  magneto-optic 
affect  iS  ®ottiB«AaB«A  wiBW  ^Pa-high  speed  photogfaptic  techniques. 
Fof  this  wolk  aftwaghete-optic  app^atus  has  beef^cotstt^eted.  This 
apparatus  is  capaBle  of  tsfcing  pictures  of  the  n%agn^fc*  ®onfegu*afeon 
of  a  film  during  reversal*  tie  exposures  having  a  durafcen  as  shoffc 
as  10  m/jsec  and  a  time  resolution  of  about  5  m/isec. 

In  this  chapter  we  present  a  discussion  of  the  switching  modes 
which  occur  in  thin  ferromagnetic  films,  some  comment  on  previous 
switching  study  research,  a  brief  summary  of  the  various  ways  in 
which  such  an  apparatus  can  be  employed  for  research  on  thin  films, 
and  a  short  statement  of  the  desired  system  specification. 

Chapter  II  deals  with  the  use  of  the  longitudinal  Kerr  magneto  - 
optic  effect  for  observation  of  surface  magnetic  configuration.  The 
transmission  of  light  through  the  system  is  discussed  for  a  mono¬ 
chromatic  and  a  white  light  source.  It  is  shown  that  for  two  domains 
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1. 


2. 


0  of  opposite  magnetization,  the  contrast  between  light  reflected  from  the 
two  domains  can  be  maximized,  although  other  system  considerations 
may  mean  thafr  optimum  Result*  are  not  obtained  at  maxtn*im  Contrast 
operation.  This  chapfcef  c«nefcdes  with  the  ayalysi*  oToptifcal^fects 
of  a  thin  diaiectri# laye*  on  top  of  the  fer  j%Jfagn*tic  fili%. 

^  Desigr»of%*  is  discussed  f  fha^te*  III.  #teas^s  eA« 

gfcrelki**  an^ift&att  Itie  use  of  varleus  cMfonfiiM,  Jlntf  pjm^dtai 
%>*s  a*«  m%A#  Jth  fh#  estimate  op  «#afin4  AiMits  «|  th#  f)Hf% 

a^a^ys  is  '  W  t 

9hm  ^  4  H  ar^i  9  +MP***  be |»|» 

«•*»*  ^ 1IMI t* IV  # 

petfft  e  finutaf%f  £  fie  ||f|f|rti|« 

.  auiS 

Tit  vfMT  %pls  f  4  **l<**fc  «%•  ff  Mit9||f|f||(|  • 

^•PnstMfiWlof  th«  »^cf  slUf  ef  tf  n<NI  M*»af^tf 

disrts^*#*  fMf  is  if  edited  *n  Stapler  %  UMlMf  fl 

dft cussed  |nC^|ir|f.  •  'V*  «-ltf 

anct«ec«mm^fdat^ops  to  improve  the 


Ifie  existence  oflhtee  diffetiftt  mode#  ot  switching  ill  thill  pfcr#o- 

■}  A 

fhagnetic  films  h^s  £een  fairly  soiyuJ^fM^Mished  experimentally  ’  ’ 

5  6  7  8 

’  ’  ’  These  modes  can  be  seen  fairly  clearly  as  regions  of  dif¬ 

ferent  slope  in  switching  coefficient  data  for  two  specimens  as  measured 

3 

by  Olsen  and  Pohm  (shown  in  Figs.  1-1  and  1-2).  The  three  modes  are 
as  follows: 


I.  Domain  wall  switching  sometimes  referred  to  as  the  "creep" 
mode.  Reversal  takes  place  by  propagation  of  domain  walls 
through  the  specimen.  The  threshold  applied  field  is  denoted 
as  H  ;  usually  H  is  less  that  H,  .  Nucleation  of  domains 
usually  occurs  at  the  edge  of  the  specimen,  although  nuclea- 

Q 

tion  has  also  been  observed  at  other  places  in  the  specimen  . 


0  1.0  aO'A  3.0  4.0 

hl  in  oersteds 

FIG.  1-1  SWITCHING  COEFFICIENT  DATA 


Reprinted  with  permission. 


FIG.  1-2  SWITCHING  COEFFICIENT  DATA 


Reprinted  with  permission. 


5. 


Conger  and  Essig^  have  postulated  that  the  curvature  of  the 
switching  coefficient  curve  in  this  region  results  from  an 
increase  in  the  number  of  nucleation  sites  as  the  magnitude 
of  the  applied  fiel^is  increased.  The  writer's  observations 
bear  out  this  ^ost^lafc. 


II.  Nonhomogeneous  Rotational  S^ttehing .  The  mechanism 
for  this  process  is  the  Iea3g%Ln46§afc*ttttiV  switching  modes. 
The  reversal  is  presumed  or  completely 

by  rotation  of  the  magn§Jif  ^pgions  %f%ie 

specimen,  no  pl!iasg^ftg|^g%%^y0pp  various 

Regions.  The  v*r?ter  ts  rntm  own  9b- 

se*^ti*ns  a»i  ^po^f^^^jtftlTtUMjft^^lnon# 

i/tsti  (eot%  +4$*t*im*j* 


_ 

revefcal  modqp 

^feaknuap  .f  A** 

served  switching  hr«* «|  ||Atl)llW  III!  ft#*# 

the  applied  field  is 
developed  on  the  magwefid 
that  the  film  behaves  as  a 

reversal  process.  To  ihAippP^i^iiimpf^  d«##»pe% 
in  the  sarre  sense  throughout  Itfi#  ejflhefc  a  trans¬ 

verse  bias  must  be  applied  or  the  reversal  field  must  be 
applied  at  a  slight  angle  with  respect  to  the  anisotropy  axis. 
The  effect  of  applying  the  reversal  field  along  the  anisotropy 
axis  with  no  transverse  bias  can  be  seen  in  Fig.  1-1  in  the 
curve  for  which  Hj=0.  Under  these  conditions  the  angular 
dispersion  of  H.  is  sufficient  so  that  some  areas  of  the  film 

xv 

rotate  in  a  clockwise  sense  while  others  rotate  in  a  counter¬ 
clockwise  sense,  resulting  in  a  Mode  II  reversal  (nonhomo¬ 
geneous  rotation). 


6. 


1.2  Previous  Magneto -Optical  Studies 

The  initial  application  of  the  longitudinal  Kerr  effect  for  observing 

magnetic  configurations  was  conducted  in  1951  by  Williams,  Foster 
14 

and  Wood  in  observations  on  single  crystals  of  silicon  iron.  Follow¬ 
ing  this,  Fowler  and  Fryer1^’  ^  demonstrated  the  use  of  this  effect 
for  observing  domains  on  thin  films  of  nickel -iron  and  showed  that,  in 
a  sufficiently  thin  ferromagnetic  film  (approximately  1000  K),  the  do¬ 
main  pattern  was  the  same  on  both  surfaces  of  the  specimen,  indicating 
that  the  domain  configuration  as  seen  from  one  surface  extends  through 
the  specimen  to  the  other  surface.  They  have  also  shown17  that  the 
Faraday  effect  can  be  used  for  domain  observations  of  thin  nickel-iron 
films  which  are  not  optically  opaque.  In  a  further  refinement  of  the 

1 8 

application  of  the  longitudinal  Kerr  effect,  Fowler,  Fryer  and  Treves 

have  observed  domain  structure  in  an  iron  whisker  at  a  magnification 

19 

of  100X.  Olmen  and  Mitchell  have  observed  slow  propagation  (on  the 

order  of  minutes)  of  domains  on  a  ferromagnetic  film  when  a  constant 

20 

magnetic  field  is  applied.  Callaby  has  used  the  transverse  Kerr 

effect  to  study  directions  of  magnetization  in  polycrystalline  Ferrites. 

Some  investigation  has  also  been  conducted  toward  developing 

components  and  display  techniques  using  magneto -optic  phenomena. 

In  19  34^  Roberts  and  Bean21  demonstrated  the  large  optical  rotations 

|pr  n«»mally  reflected  (or  transmitted)  light  from  (or  through)  thin 

22 

films  of  MnBi.  Following  this  work,  Williams,  et  al.  have  devel¬ 
oped  a  technique  for  writing  magnetically  on  those  films  and  subse- 

23 

quently  detecting  the  writing  by  magneto -optic  methods.  Kleinrock 

has  discussed  possibilities  of  using  thin  ferromagnetic  films  in  a 

magneto-optic  setup  as  computer  logical  components.  Following  the 
24 

work  of  Heinrich  ,  he  has  also  studied  the  increase  in  longitudinal 
Kerr  rotation  resulting  from  the  evaporation  of  thin  layers  of  various 
dielectrics  onto  the  ferromagnetic  films. 

Thus  far,  the  investigations  described  have  dealt  with  static  or 
quasistatic  observations.  There  are  a  few  reports  in  the  literature 
on  dynamic  studies  which  have  been  conducted,  all  employing  the 


5. 


Conger  and  Essig10  have  postulated  that  the  curvature  of  the 
switching  coefficient  curve  in  this  region  results  from  an 
increase  in  the  number  of  nucleation  sites  as  the  magnitude 
of  the  applied  field  is  increased.  The  writer's  observations 
bear  out  this  postulate. 


for  this  prq^s£  fs 
The  retfps«f£ 
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understood  of  the  switching  modes, 
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ofKjftpr^  based  on  his  own  ob- 
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Smith  ,  that  non- 
angular  and  magnitude 
sed  further  in  Chapter 


III.  Coheren 


%his  ts  the  high  speed 
reversal  mo^e.  ^  "  •s^fflated  a  reversal  time 

minimum  of  ab«ufc^fpse#^f  ttfs  process;  Smith13  has  ob¬ 
served  switching  fives  as  shsjlias  3  mpsec.  In  this  mode, 
the  applied  field  is  greateffian  H^.  Sufficient  torque  is 
developed  on  the  magnetic  vector  throughout  the  film  so 
that  the  film  behaves  as  a  single  domain  during  the  entire 
reversal  process.  To  insure  that  this  torque  is  developed 
in  the  same  sense  throughout  the  entire  film,  either  a  trans¬ 
verse  bias  must  be  applied  or  the  reversal  field  must  be 
applied  at  a  slight  angle  with  respect  to  the  anisotropy  axis. 
The  effect  of  applying  the  reversal  field  along  the  anisotropy 
axis  with  no  transverse  bias  can  be  seen  in  Fig.  1-1  in  the 
curve  for  which  Hj=0.  Under  these  conditions  the  angular 
dispersion  of  is  sufficient  so  that  some  areas  of  the  film 
rotate  in  a  clockwise  sense  while  others  rotate  in  a  counter¬ 
clockwise  sense,  resulting  in  a  Mode  II  reversal  (nonhomo - 
geneous  rotation). 
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1.2  Previous  Magneto -Optical  Studies 

The  initial  application  of  the  longitudinal  Kerr  effect  for  observing 
magnetic  configurations  was  conducted  in  1951  by  Williams,  Poster 
and  Wood  in  observations  on  single  crystals  of  silicon  iron.  Follow¬ 
ing  this,  Fowler  and  Fryer15,  ^  demonstrated  the  use  of  this  effect 
for  observing  domains  on  thin  films  of  nickel-iron  and  showed  that,  in 
a  sufficiently  thin  ferromagnetic  film  (approximately  1000  R),  the  do¬ 
main  pattern  was  the  same  on  both  surfaces  of  the  specimen,  indicating 

that  the  domain  configuration  as  seen  from  one  surface  extends  through 
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the  specimen  to  the  other  surface.  They  have  also  showh  that  the 
Faraday  effect  can  be  used  for  domain  observations  oi  thin  nickel -iron 
films  which  are  not  optically  opaque.  In  a^Mihe*  Refinement  of  the 

1  ft 

application  of  the  longitudinal  Kerr  effed||  Fjfftay  and  Treves 

have  observed  domain  structure  in  a^tFfV  "'tf' ^  a  n(egnifica£ion 

of  100X.  Olmen  and  Mitchell1^  have  4bsqg4^f  sfoflftypfpagation  (on  the 

order  of  minutes)  of  domains  on  a  feMrofl^gfte£9fift£w]^n  a  constant 

magnetic  field  is  applied.  Callaby20  hasfcsqf  §ie  transfers e  Kerr 

effect  to  study  directions  of  mafmettzataa^f^g^v^ydMfone  Ferrites. 

Some  investigation  has  also  beer*  t*md«§|pd  toward  developing 

components  and  display  techniques  %stl*£Mngapto*optiA  phenomena. 

In  1954,  Roberts  and  Bean21  demonstVhte§9ie targe  optical  rotations 

for  normally  reflected  (or  transmitted)  feghfr  from  (or  through)  this 
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films  of  MnBi.  Following  this  work,  Williams,  et  al.  have  devel¬ 
oped  a  technique  for  writing  magnetically  on  those  films  and  subse- 
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quently  detecting  the  writing  by  magneto -optic  methods.  Kleinrock 

has  discussed  possibilities  of  using  thin  ferromagnetic  films  in  a 

magneto-optic  setup  as  computer  logical  components.  Following  the 
24 

work  of  Heinrich  ,  he  has  also  studied  the  increase  in  longitudinal 
Kerr  rotation  resulting  from  the  evaporation  of  thin  layers  of  various 
dielectrics  onto  the  ferromagnetic  films. 

Thus  far,  the  investigations  described  have  dealt  with  static  or 
quasistatic  observations.  There  are  a  few  reports  in  the  literature 
on  dynamic  studies  which  have  been  conducted,  all  employing  the 
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longitudinal  Kerr  magneto -optic  effect.  Using  a  small  light  beam  as  a 
25 

probe,  Lee  has  been  able  to  study  the  velocities  and  oscillations  of 
domain  walls.  Moore2**  reports  a  magneto -optic  apparatus  incorporat¬ 
ing  a  television  camera.  With  this  equipment,  he  has  observed  dynamic 
domain  configurations,  including  nucleation  and  erratic  jumps  of  domain 
walls  (apparently  Barkhausen  effect),  under  the  influence  of  a  varying 

magnetic  field.  He  suggests  stroboscopic  techniques  to  allow  observa- 
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tions  at  high  reversal  rates.  Conger,  et  al.  have  reported  operation 
of  a  magneto -optic  apparatus  which  ases  a  photo  cell  to  sense  the 
change  in  light  reflection  from  any  one  of  64  sampling  areas  in  a  square 
specimen.  With  this  they  can  determine  the  time  at  which  a  given  samp¬ 
ling  area  switches  and  thereby  reconstruct  an  approximate  configuration 
of  the  magnetization  at  various  times  during  reversal.  They  report  on 
switching  times  of  a  few  microseconds  duration. 

1.3  Utilization  of  the  Magneto -Optic  Photographic  Apparatus 

The  apparatus  described  in  this  report  can  be  used  in  a  variety  of 
ways  to  investigate  the  magnetic  characteristics  of  this  ferromagnetic. 
Not  all  of  these  techniques  have  been  explored  during  the  present  work. 
Nonetheless,  the  writer  believes  that  a  summary  of  the  potential  appli¬ 
cations  of  such  an  apparatus  is  germane  to  this  report. 

1.  Ultra  high  speed  photographing  (10  mpsec  duration)  of 
the  magnetic  configuration  parallel  to  the  easy  axis*  during 
film  reversal.  This  is  the  type  of  photography  for  which 
the  apparatus  was  fundamentally  designed.  The  longitudi¬ 
nal  Kerr  effect  is  sensitive  only  to  that  portion  of  the  mag¬ 
netization  vector  which  is  parallel  to  the  plane  of  incidence 
of  light  (see  Chapter  II);  In  this  application  the  film  is  po¬ 
sitioned  so  that  the  easy*axis  is  parallel  to  the  plane  of  in¬ 
cidence.  The  pulsed  magnetic  field  is  applied  parallel  to 
the  easy  axis. 

2.  Ultra  high  speed  photographing  of  the  magnetic  configur- 

The  easy  axis  is  the  axis  of  the  ferromagnetic  film  which  displays 
a  rectangular  hysterisls  loop.  See  Olsen  and  Pohm3  for  further  dis¬ 
cussion. 
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ation  perpendicular  to  the  easy  axis.  The  procedure  in  this 
technique  is  identical  to  that  of  Technique  1,  except  that  the 
easy  axis  of  the  film  and  the  pulsed  field  are  perpendicular 
to  the  plane  of  incidence. 

3.  Integrated  time  photographing  of  the  flux  perpendicular 
to  the  easy  axis  during  any  sort  of  rotational  flux  reversal. 
In  this  case  the  specimen  and  the  pulsed  magnetic  field  are 
oriented  as  in  Technique  2.  The  shutter  is  opened  for  part 
or  all  of  the  specimen  reversal.  A  localized  area  rotating 
in  one  sense  will  reflect  more  light  while  one  rotating  in  the 
opposite  sense  will  tend  to  reflect  less  light.  Since  the  sys¬ 
tem  can  be  adjusted  so  that  the  reflected  light  intensity  is 
proportional  to  the  square  of  the  magnetic  vector  component 
parallel  to  the  plane  of  incidence,  the  density  of  the  photo¬ 
graphic  negative  at  various  points  in  the  image  will  be  a 
record  of  the  squared  magnetic  vector  component  integrated 
over  time  during  which  the  shutter  was  opened. 

4.  Repetitive  photographs.  If  the  magnetic  configurations 
of  the  specimen  are  repeatable  from  cycle  to  cycle,  re¬ 
petitive  photographing  can  be  done  to  increase  the  image 
density  and  hence  gain  resolution  by  enabling  the  use  of  a 
larger  image  magnification.  If  the  configuration  is  not 
exactly  repeatable,  information  may  still  be  obtained  on 

a  statistical  basis. 

5.  Visual  pulsed  observations: 

a.  Slow  motion  domain  switching.  Very  short  mag¬ 
netic  field  pulses  (50  to  100  musec  long)  can  be 
used  to  observe  a  slowed  down  domain  wall  re¬ 
versed  by  pulsing  the  film  at  repetition  rates  on 
the  order  of  100  cps. 

b.  Threshold  studies.  The  onset  of  nonhomogeneous 
rotation  switching  can  be  observed  by  pulsing  the 
specimen  with  a  single  short  pulse.  Data  can  be 
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taken  on  the  magnitude  of  this  field  as  a  function 
of  transverse  bias  and  pulse  duration.  Correlation 
with  angular  and  magnitude  dispersion  of  could 
lead  to  a  possible  explanation  of  the  origin  of  the  non- 
homogeneous  rotatio:  al  switching  mode, 
c.  Nucleation  studies.  Nucleation  at  locations  in  speci¬ 
mens  other  than  at  the  edge  have  been  observed  by 
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the  writer  and  by  others.  The  magnetic  field  mag¬ 
nitude  and/or  duration  required  to  cause  nucleation 
can  be  determined  through  causing  nucleation  by 
application  of  a  single  pulse  of  some  short  duration. 
The  nucleated  domain  may  be  too  small  to  be  ob¬ 
served  at  this  point,  but  it  can  be  enlarged  by  appli¬ 
cation  of  a  series  of  pulses  of  much  lower  amplitude 
which  are  incapable  of  causing  further  nucleation  but 
which  are  sufficient  to  move  an  existing  domain  wall. 
As  stated  at  the  beginning  of  this  section,  all  of  these  techniques  have 
not  been  explored.  Those  which  have  are  discussed  in  Chapter  VII. 

1.4  System  Specifications 

Although  a  number  of  techniques  for  using  the  magneto -optic  photo¬ 
graphic  apparatus  have  been  described,  the  primary  design  objective 
was  a  system  capable  of  photographing  domain  wall  and  nonhomogeneous 
rotational  switching  modes  described  as  Technique  1  in  Section  1.3. 

With  this  objective  in  mind,  the  following  design  specifications  were  set 
up  on  the  basis  of  preliminary  computations  and  considerations. 

1.  Exposure  duration  --  10  musec. 

2.  Time  resolution  --  10  musec  or  better. 

3.  Plash  source  peak  brightness  --  10  candles/ cm  . 

4.  Specimen  diameter  --  One  centimeter. 

5.  Photographic  resolution  --  best  obtainable. 

6.  Switching  field  magnitude  --  10  oerstads. 

7.  Switching  field  risetime  --25  musec. 

8.  Switching  field  uniformity  --  5  per  cent. 
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9.  Static  field  available  --  30  oerstads. 

10.  Static  field  angular  orientation  --  variable. 

11.  Repetition  rate  of  apparatus  --  100  cps  (for  short  periods). 

12.  Steady  source  and  telescope  for  visual  observations. 

All  specifications  were  met  or  exceeded  with  two  exceptions.  The 

field  of  view  will  only  cover  a  specimen  area  of  0.6  cm  by  1  cm.  The 
repetition  rate  is  extremely  slow  because  of  triggering  electrode  prob¬ 
lems  in  the  flash  lamp  circuitry.  Examination  of  these  problems  re¬ 
vealed  that  both  could  probably  be  brought  up  to  the  stated  specifica¬ 
tions,  but  lack  of  time  has  prevented  the  accomplishment  of  this  in  the 
immediate  project. 
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CHAPTER  II 

THE  USE  OF  THE  LONGITUDINAL  KERR  EFFECT 
FOR  OBSERVING  SURFACE  MAGNETIZATION 

In  a  thin  ferromagnetic  film,  the  magnetization  vector  lil  lies  primarily 
in  the  plane  of  the  film.  The  longitudinal  Kerr  magneto-optic  amplitude 
reflection  coefficient  is  proportional  to  the  magnitude  of  the  component 
of  M  which  is  parallel  to  the  plane  of  incidence,  i.e. ,  if  we  write  r^  as 

rk  =  rk  exp  [j6kJ  (II- 1) 

then 


or 


Mcosot 


rk  '  rkmCM“  <n-2> 

where 


rk  =  amplitude  of  £*k 

r,  =  maximum  value  of  r. 
km  k 

6k  =  phase  lag  of  $k 

«  is  taken  with  reference  to  the  plane  of  incidence  as 
shown  in  Fig.  2-1. 


The  magnitude  of  M  is  constant  at  any  point  in  a  given  specimen  (except 
for  the  extremely  small  region  in  a  domain  wall),  and  hence  the  amplitude 
of  rk  for  a  given  specimen  at  a  given  wavelength  is  dependent  wholly  upon 
<*  .  We  see,  then,  that  r,  has  two  extreme  values,  -r.  and  +r.  ,  one 


*In  these  analyses,  a  carat  over  amplitude  reflection  coefficient  indicates 
that  the  coefficient  is  complex.  The  coefficient  written  without  the  carat  in¬ 
dicates  the  magnitude  of  the  coefficient.  We  will  assume  it  understood  that 
the  electric  vectors  can  be  complex  and  will  not  use  any  special  sign  to  $o 
indicate.  An  arrow  over  a  quantity  means  that  the  quantity  is  a  space  vector. 


Ferromagnetic 

Specimen 


FIG.  2-1  REFERENCE  ANGLE  FOR  MAGNETIZATION  VECTOR 
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occurring  when*  =  180°,  the  other  when*  =  0°.  We  shall  refer  to 
these  two  extremes  respectively  as  State  I  and  State  II. 

-3 

Since  r^m  is  quite  small  {on  the  order  of  5  x  10  as  we  shall  see 
later),  a  detailed  analysis  of  the  use  of  the  longitudinal  Kerr  effect  as  an 
observation  technique  is  desirable  in  order  that  optimum  results  can  be 
achieved.  A  simplified  schematic  of  the  optical  apparatus  used  in  this 
project  is  shown  in  Fig.  2-2.  The  analyses  in  this  chapter  deal  with  the 
passage  of  light  from  the  light  source  to  the  point  preceding  the  shutter. 

The  primary  results  desired  from  these  analyses  are: 

1.  The  light  transmission  factor  over  the  optical  path  mentioned  above, 
taking  into  account  the  adjustments  of  the  polarizers,  the  character¬ 
istics  of  the  specimen,  and  the  state  of  magnetization  of  the  specimen. 

2.  The  ratio  between  the  transmission  factor  in  State  II  and  the  trans¬ 
mission  factor  in  State  I. 

3.  The  effects  of  the  polarizer  quality  on  the  transmission  factor  and 
on  the  ratio  mentioned  above. 

4.  Determination  of  the  optimum  operating  condition  of  the  apparatus 
for  a  given  specimen. 

5.  The  effect  of  a  thin  dielectric  layer  on  top  of  the  specimen. 

Any  exact  numerical  correlation  between  the  results  of  these  analyses 
and  the  data  obtained  from  the  experimental  apparatus  would  require  in¬ 
strumentation  which  has  not  been  included  in  this  project.  Nonetheless, 
the  writer  believes  the  analyses  to  be  significant  in  that  the  results  indi¬ 
cate  some  limitations  of  the  techniques  being  used  and  serve  as  a  guide 
for  achieving  optimum  results  with  the  apparatus. 

2. 1  Reflection  Coefficients 

Before  we  undertake  the  transmission  analyses,  it  is  desirable  to  know 
something  about  the  complex  reflection  coefficients  involved.  All  numeri¬ 
cal  computations  for  these  coefficients  are  based  on  Robinson's  data  for 
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FIG.  2-2  SIMPLIFIED  MAGNETO-OPTIC  PHOTOGRAPHIC  SYSTEM 
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permalloy  films1  {see  Fig.  2-3),  since  this  is  the  material  under  immediate 
investigation  in  ihis  project. 

The  reference  axes  used  in  all  analyses  are  shown  in  Fig.  2-4.  Note 
that  the  positive  z  direction  is  always  the  same  as  the  direction  of  light 
propagation.  The  x  direction  is  always  perpendicular  to  the  plane  of 
incidence.  In  all  vector  diagrams  shown  in  this  chapter,  the  positive  z 
direction  is  to  be  taken  as  coming  out  of  the  page.  The  positive  x  direction 
is  then  to  the  right  and  the  positive  y  direction  is  upward. 

The  amplitude  reflection  of  light  from  a  magnetized  specimen  is  given 
by  the  matrix  equation 


(II- 3) 


£  and  £  are  the  ordinary  amplitude  reflection  coefficients  given  by  the 
x  y 

Fresnel  equations 


*  = 
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rx  exp  [j6j 


ry  exp[j6y] 


(II- 4a) 


(U-4b) 


$.  is  the  Kerr  magneto-optic  amplitude  reflection  coefficient  given  by 

k  2 
Robinson's  equation 


-j  Q  cos  0  sin  0 

_ _ _ o _ o _ 

(cos  0  +  Ncos  0,)  (Ncos  0  +  cos  0,) 
o  z  o  z 


(II- 4c) 


In  Eqs.  (II-4a)  through  (II-4c), 

n  =  index  of  refraction  of  air 
o 

n2  =  index  of  refraction  of  specimen 

N  =  relative  index  of  refraction  of  specimen  with  respect  to 
adjacent  medium 
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FIG.  2-4  OPTICAL  REFERENCE  AXES 
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0q  =  angle  of  reflected  wave 
=  angle  of  refracted  wave 

Q  =  complex  magneto-optic  parameter  of  specimen 

6  =  time  phase  of  £ 

x  x 


6  =  time  phase  of  £ 

y  y 

6k  =  time  phase  of  $k 


In  the  case  of  metallic  reflection  which  we  are  considering. 


n2  =  n(l  -  jk)  N  =  —  =  n(l  -  jk) 

o 

n  =  1  cos  0,  »  1 

o  2 


yielding 


cos  0  -  n  (1  -  jk) 

$  =  _ 2 _ 

x  cos  0  +  n  (1  -  jk) 
o 


n(l  -  jk)  cos  0-1 
£  _  _ o 

y  n(l  -  jk)  cos  9^  +  1 


-j  Q  sin  0  cos  0 

a  _  _ o _ o _ 

k  [  n  (1  -  jk)  cos  0q  +  l]  [  cos  0q  +  n  (1  -  jk) 


(II-5a) 


(II- 5b) 


(II- 5c) 


The  experimental  data  for  the  magneto-optic  effect  is  usually  given  in 

terms  of  ■*_  and 
R 

reflected  ellipsoidally  polarized  light  with  respect  to  the  incident  light  and 
'J'g  is  the  ellipticity  of  the  reflected  light,  given  by  the  ratio  of  the  minor 
axis  to  the  major  axis  of  the  ellipse.  For  our  analysis,  however,  it  is 
much  more  convenient  to  work  in  terms  of  the  magneto-optic  reflection 
coefficient,  If  we  consider  incident  linearly  polarized  light  of  ampli¬ 
tude  Eq  and  oriented  in  the  y  direction,  the  reflected  light  from  a 


^  where  ^  is  the  space  angle  of  the  major  axis  of  the 
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magnetized  specimen  is  given  by 

E  -  E  If*  +  1**1 

r  o  1,'y  y  x  kj 

=  Eo  [ry  ry  +  Sc  rk  coa  <5k  '  y  +  Sc 1  rk  *in  (6k 


Since  r.  «  r  ,  and  are  very  closely  given  by 
k  y  R  ti 


=  —  cos  (6  -  6  ) 
R  r  k  y 

y 


*E  =  (6k  '  5y> 

y 


From  these  equations. 


^  =  <%2  +  ^2)ry2 

<6k  -  y  * ,an'1  ^ 


(II- 7  a) 

(H-7b) 


(II-8a) 

(II-8b) 


Robinson's  experimental  data  for  permalloy  films  can  be  used  with 
these  relationships  to  compute  the  reflection  coefficients  and  their  phase 
angles  for  an  angle  of  incidence  of  60°  (the  angle  of  incidence  used  in  the 
magneto-optic  apparatus  for  reasons  stated  in  Chapter  IV).  It  is  un¬ 
necessary  to  present  here  the  algebraic  computations;  the  results  are 
shown  in  Figs.  2-5  and  2-6.  No  values  were  computed  for  X  <  4000  .X, 
since  the  photographic  system  has  a  spectral  cutoff  for  wavelengths  shorter 
than  4300  X  (see  Chapter  V). 

2.2  Monochromatic  Analysis 

We  shall  now  undertake  a  fairly  exact  analysis  of  the  transmission 
factors  for  the  case  of  a  monochromatic  source.  This  analysis  is  based 


22. 


on  the  assumption  that  the  incoming  plane  of  light  polarization  is  very 
nearly  either  parallel  to  or  perpendicular  to  the  plane  of  incidence.  For 
a  general  analysis  using  matrix  algebra,  see  Appendix  A. 

Before  we  begin  the  analysis  we  will  define  a  few  characteristics  of 
a  polarizer.  In  Fig.  2-7,  we  have  shown  a  polarizer  with  an  incident 
plane  wave  of  random  amplitude  vector  orientation. 

In  this  figure  the  polarizer  is  so  oriented  that  the  desired  transmitted 
amplitude  vector  is  vertical.  Since  a  polarizer  is  never  perfect,  there 
is  an  undesired  amplitude  vector  also  transmitted;  this  is  shown  as  a 
horizontal  vector  in  the  figure .  We  shall  refer  to  the  desired  vector 
as  the  principal  component  of  transmission  and  to  the  plane  formed  by 
this  vector  and  the  optic  axis  as  the  principal  plane  of  the  polarizer. 

The  corresponding  vector  and  plane  of  the  undesired  component  are  de¬ 
noted  respectively  as  the  minor  component  and  minor  plane  .  If  the 


incident  light  E  is  unpolarized,  it  can  be  regarded  as  the  sum  of  two_ 

E  ^  *"*om 

waves,  which  lies  in  the  principal  plane  of  the  polarizer,  and 

which  lies  in  the  minor  plane.  Here 


E 

E 

E 

op 

om 

o 

(II-9) 


the  subscripts  p  and  m  merely  being  used  to  distinguish  between  the  two 
polarization  planes.  We  note  that  E  and  EQm  are  random  with  respect 
to  one  another,  i.e.,  the  time  average  of  their  product  is  zero. 

We  shall  denote  the  principal  transmission  of  the  polarizer  as  t^  and 
the  minor  transmission  as  t^ .  The  ratio  of  these  two  transmissions  will 
be  referred  to  as  the  extinction  ratio ,  Rg,  i.e.. 


R 


e 


For  any  polarizer  which  we  shall  consider,  Rg  «  1 . 


(H-10) 


FIG.  2-7  POLARIZER  TRANSMISSION 
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We  shall  now  proceed  with  our  analysis.  Assume  the  initial  polarizer 
in  the  system  so  oriented  that  there  is  an  angle  y  between  the  plane  of 
incidence  and  the  principal  plane  of  the  polarizer.  Then  if  the  amplitude 
of  the  light  incident  upon  the  prism  is  Eq,  as  mentioned  above,  the  light 
transmitted  by  this  polarizer  is 


E. 


*1 

•7T 


i  (E  sin  y  +  R  E  cosy)  +  i  (E  cosy- 
x  op  e  om  y  op 


R  E  sin  y) 
e  om 


(II- ID 


If  we  assume  y  to  be  small  and  neglect  second  order  terms  (remembering 

that  R  «  1),  we  can  write  this  as 
e 


y  +  R 

e 


E  )  +  i  E 
om  y  op 


(II- 11a) 


The  reflected  amplitude  wave  from  the  specimen  surface  can  be  obtained 
by  substituting  the  x  and  y  components  of  Eq.  (II- 11a)  into  Eq.  (II- 3). 

In  vector  form,  the  reflected  amplitude  wave  is 


tl 

*J7 


{i  [E 
x  1  op 


(y£ 


♦V 


RE  f  ] 
e  om  x 


+  i  E  £  } 
y  op  y 


(11-12) 


where  we  have  dropped  terms  containing  ,R  and  y  since  they  are 

KG  K 

second  order.  The  vector  diagram  at  this  point  is  shown  in  Fig.  2-9. 

The  reflected  light  then  passes  through  the  second  polarizer  which  is 
so  oriented  that  its  minor  plane  makes  an  angle  <{»  with  the  plane  of  in¬ 
cidence,  the  major  plane  coinciding  with  the  a-axis  shown  in  Fig.  2-10. 

If  $  is  small,  the  light  transmitted  by  this  polarizer  can  be  represented 
by 


EA  ■  t‘bRetERy-*V) 


(U-13) 
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FIG.  2-8  AMPLITUDE  VECTORS  AFTER  FIRST  POLARIZER 


FIG.  2-9  AMPUTUDE  VECTORS  AFTER  REFLECTION 
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In  this  expression  E_  and  En  are  the  coefficients  of  i  and  i 

Rx  Ry  ^  x  ^  y 

respectively  in  Eq.  (11-12).  The  reference  vectors  i  and  i^,  which 
coincide  respectively  with  the  major  and  minor  planes  of  the  second 
polarizer,  have  been  introduced  to  simplify  subsequent  calculations.  Con¬ 
tinuing,  we  have,  upon  substituting  the  expressions  for  E^  and  E^ 
into  Eq.  (11-13)  and  rearranging  the  terms, 

.  2 


=  l 


kl 


[?$+$.  +  4>M 


"A  "a  op  1  '  *  x  '  *  k  '  y 


t  2r  ^ 

+  [ia  EoiA  +  *b  Eop  V 


r  n  V 

_1b  ~rrr~ 


[E _ <7$  +$J  +  RE  JJ 


op 


e  om  x ' 


(II 


If  we  examine  Eq.  (11-14),  we  note  that  because  of  the  magnitudes  of  Rg, 
r^,  7,  and  <)>,  the  terms  in  the  third  line  of  the  equation  are  much  smaller 
than  those  in  the  first  two  lines.  Hence  we  will  drop  this  third  line  from 
further  calculations.  The  vector  diagram  for  the  remaining  two  lines  of 
Eq.  (11-14)  is  shown  in  Fig.  2-11.  Note  that  the  amplitude  of  two  of  these 
vectors  are  dependent  on  the  orientations  of  the  two  polarizers,  a  third 
is  dependent  upon  the  Kerr  amplitude  reflection  coefficient,  while  the  re¬ 
maining  two  are  dependent  only  upon  the  polarizer  characteristics  and  the 
ordinary  amplitude  reflection  coefficients  and  $  of  the  specimen.  The 
three  vectors  corresponding  to  E  on  the  a-axis  are  coherent  with  one 
another,  although  their  time  phases  differ. 

The  intensity  of  the  light  of  which  E^  is  the  amplitude  vector  is 
given  by  the  time  average  of  the  dot  product  of  the  amplitude  vector  and 
its  complex  conjugate. 


-14) 
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Using  Eq.  (II-9), 


I  =  E  *  E  * 
A  A 


[<7# 


E  2  |  (Y$  +  ^  {y$„*  +  +  <>$„*)  +  (rx2  +  ry2)Re 


2  op  x  *k  T  y'  "  x  ‘k 


2] 


2  2  2 

As  previously  stated,  the  term  (r  +  r  )  R  is  a  function  only  of  the 

x  ye 

characteristics  of  the  specimen  and  of  the  polarizers.  Hence,  it  can  be 
treated  as  a  background  noise  which  we  can  minimize  by  a  choice  of  good 
polarizers  but  cannot  eliminate  in  the  practical  situation.  In  all  further 
calculations,  it  will  be  represented  by 


(11-15) 


2  2  2 
N  =  (r  +  r  )R 
x  y  e 


(II-16a) 


If  we  also  write 


p  *[ 


(H-16b) 


Eq.  (11-15)  can  be  written  as 

.  4 


I  =  E  2  (PP*  +  N) 

2  op 


(H-17) 


The  transmission  from  the  source  to  the  point  under  present  consideration 
is  then  simply 

.  4 


T  =  -j—  (PP*  +  N) 


(11-18) 


At  this  point  we  will  introduce  the  contrast  ratio ,  which  we  will 
define  as  the  ratio  of  the  transmission  factor  in  State  II  to  the  transmission 
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factor  in  State  I,  i.e.. 


R 


c 


(11-19) 


It  is  possible  to  manipulate  Eq.  (11-15)  to  show  that  as  y  and  6  are  varied 
the  loci  of  constant  contrast  on  the  y  -  $  plane  are  ellipses  whose  centers 
are  located  on  a  line  passing  through  the  origin.  An  example  of  such  a  plot 
is  shown  in  Fig.  2-12.  We  now  wish  to  determine  the  point  on  a  given 
ellipse  for  which  the  transmission  T2  is  at  a  maximum.  The  determina¬ 
tion  of  this  relationship  between  y  and  $  could  be  performed  by  calculus, 
but  it  is  more  simply  done  by  examining  the  phases  of  the  terms  in  P 
(Eq.  II- 16b).  We  will  write  these  terms  as  two  complex  quantities. 


A  =  (y$  +  *£  )  (II-20a) 

x  y 

B  =  $.  cos«  (II-20b) 

Kin 

where  we  have  used  Eq.  (II-2)  in  writing  Eq.  (II-20b).  In  State  I,  B  =  Bj  =  -rkm> 
while  in  State  II,  B  =  B2  =  rkm.  The  three  quantities  A,  Bj,  and  B2  are 
shown  on  a  complex  plane  in  Fig.  2-13,  as  well  as  the  quantities  and 
P2  (the  values  of  P  in  States  I  and  II). 

Obviously, 


(II-21a) 

(II-21b) 


In  this  figure  we  show  the  loci  of  P2>  A,  and  Pj  as  A  is  varied  keeping 
P2  constant.  It  is  immediately  evident  that  P^  is  at  a  minimum  when  A 
is  in  phase  with  B2 .  The  contrast  ratio  can  be  written  as 

P.P  *  +  N 

Rc  =  +  N 


P1  *  A  +  Bl 


P2  *  A  +  B2 


(H-21c) 


FIG.  2-12  LOCI  OF  CONSTANT  CONTRAST 
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Imaginary 


FIG.  2-13  VARIATION  OF  P-VECTORS 
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The  quantity  PjPj*  is  always  positive;  hence  Rc  is  at  a  maximum  for  a 
given  value  of  P2  when  is  at  its  minimum.  The  relationship  between 
y  and  <j>  for  this  to  occur  is  given  by 


yr  sin  (6  -  6,  )  +  4>r  sin  (6  -  6.  )  =  0 

x  x  k  T  y  y  k 


from  which 


r  •  /6L.  6  s 

_x  sin  (  k  -  x) 

r  sin  (6.  -  6  ) 
y  k  y' 


Substituting  this  result  in  Eq.  (II-20a) 


A 


.  ,6  6 

am  {  x  -  y) 

x  sin  <6k  -  6y) 


(11-22) 


(11-23) 


(11-24) 


We  see,  then,  that  A  can  always  be  made  any  value  so  long  as  6  /  6  . 

y  x 

Although  it  appears  that  the  value  of  A  is  indeterminant  when  6^  =  6^, 
this  is  not  actually  true,  as  can  be  readily  seen  by  evaluating  Eqs.  (11-22) 
and  (II-20a)  for  this  special  case.  From  Eq.  (11-22)  we  see  that  y  would 
be  zero,  resolving  the  indeterminancy  of  Eq.  (11-24),  and  that  A  in  this 
case  would  be 


A  =  <(>r 


(II-24a) 


Substituting  Eqs.  (II-  16b)  and  (11-24)  into  Eq.  (11-18),  we  find  that 
,  4 


T  = 


^1_ 

2 


sin  (6  -  6  )  , 

(yr  — — rr— — +  r.  cos»<)  + 
'  x  sin  (6,  -  6  )  km 


N 


(H-25) 
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1  2 

If  we  now  normalize  T  to  -r—  r,  and  let 

2  km 


sin  (*  -  *  ) 

r  -  — i  _ * _ i_ 

r.  sin  ( 6.  -  6  ) 
km  k  y' 


2  N 

q  Re  -  - 2 

rkm 


then  the  normalized  transmission  factor  is 


Tn  =  T[t4r  2  1  *  <r  +  cos.02  +  q2R  2 
l’xl  km  J  e 

and  the  normalized  transmission  factors  for  States  I  and  II  are 
T2n  *  <r+l>2*q2*.2 
Tl„  *  <r  -  ‘»2  +  I'  Re2 


(U-26a) 


(II-26b) 


(H-27) 


(II-27a) 

(II-27b) 


The  behavior  of  Eqs.  (II-27a)  and  (II-27b)  as  a  function  of  r  are  shown 
2  2 

in  Fig.  2-14,  for  Rgq  =  0.  5.  From  this  figure  we  can  easily  see  the  general 

behavior  of  the  contrast  ratio  R  as  we  vary  T.  When  r  *  0,  R  =1.  As 

c  c 

we  increase  r,  R£  increases,  goes  through  a  maximum  and  then  asymp¬ 
totically  approaches  unity.  If  we  decrease  r  from  zero,  Rc  decreases, 
goes  through  a  minimum,  and  then  asymptotically  approaches  unity.  An 
example  of  the  Rc  behavior  is  also  given  in  Fig.  2-13, 

Obviously,  for  any  given  value  of  Rc  such  that 

R  .  <  R  <  R 
c  min  c  c  max 

2  2 

and  for  a  given  value  of  Rg  q  there  are  two  possible  values  of  T2n.  Since 
we  wish  to  have  as  high  a  transmission  factor  as  possible  in  State  II  for  the 


35. 


given  Rc  value,  the  system  would  be  operated  at  the  higher  of  the  two 
values. 

The  contrast  ratio  can  be  written  in  terms  of  the  normalized  functions 
2  2 

r  and  R  q 

(r  +  1)  +  R  2q2 
^  =  _ _ _ 

C  (r  +  1)  -  Re2q2  (11-28) 


We  can  maximize  Eq.  (11-28)  with  respect  to  r  (and  hence  to  y)  by 
dRc 

setting  -j^r  =  0.  We  find  that  the  condition  for  the  maximum  is 


r 


■fi 


1  +  R 


FT 

q 


(II-29a) 


and  therefore 


R 


c  max 


1  + 


-22 
Re  q 


J 


1  +  R 


TT 1 
q 


(II-29b) 
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R  as  a  function  of  R  q  is  plotted  in  Fig.  2-15.  We  note  that  the 

c  m  s  5c  ^ 

smaller  the  value  of  R  q  ,  the  higher  the  maximum  contrast.  This  is 

6  2  2 

intuitively  obvious,  since  a  smaller  value  of  Rg  q  means  either  a  lower 
background  noise  or  a  higher  r^,  and  either  of  these  means  a  higher 
maximum  contrast  ratio. 

2  2 

If  we  solve  Eq.  (11-28)  for  r  as  a  function  of  R£  and  Rg  q  and  use 

the  result  to  eliminate  r  from  Eq.  (II-27a),  we  find  that  the  normalized 

2  2 

State  II  transmission  factor  as  a  function  of  R  and  R  q  is 

c  e 


2n 


4R 


\]  [if^T  ]  1  ^  • (1  +  Re2<*2»  'ihrrf  } 


(11-30) 


If  we  designate  r  as  the  r  value  at  R  ,  then  the  plus  sign  in 
8  max  c  max'  8 

Eq.  (11-30)  applies  when  r  >  Tmax,  while  the  minus  sign  applies  for 
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r  <  r  .  Examination  of  Eq.  (11-30)  reveals  that  the  value  of  the  radical 
max  n 

is  always  less  than  unity;  hence,  the  plus  sign  yields  the  higher  T,  value. 

2  2  Zn 

Eq.  (11-30)  is  plotted  as  a  function  of  R  with  R  q  as  a  parameter  (for 

c  © 

the  plus  sign  only)  in  Fig.  2-16. 

It  is  interesting  to  note  that,  if  we  select  some  given  contrast  value  at 

2  2 

which  to  operate,  decreasing  Rg  q  gives  only  limited  divitends  in  trans¬ 
mission.  Suppose,  for  example,  we  select  R  =5.8.  From  Fig.  2-15, 

2  2  C 

we  see  that  the  maximum  allowable  R  q  value  is  unity.  From  Fig. 

6  2  2 

2-16,  we  find  that  under  these  circumstances  T_  =6.83.  As  R  q  is 

2n  e  n 

decreased  to  zero,  the  value  of  T.  increases  to  11.8,  about  a  50  per 

zn 

cent  increase. 

We  also:  note  from  Fig.  2-16  that  if  we  are  willing  to  sacrifice  contrast 

2  2 

ratio,  we  can  gain  in  transmission.  For  example,  when  Rg  q  =1 

and  R  =  R  =  5.83,  T,  =  6.83.  If,  however,  we  are  willing  to 

c  o  m&x  Zn  22 

work  at  a  contrast  ratio  of  R  =2,  for  this  value  of  R  q  we  find  that 

c  e 

T_  =23,  almost  a  four-fold  increase  over  that  at  maximum  contrast 
Zn 

ratio. 

If  we  arbitrarily  set  a  minimum  working  contrast  ratio  of  two,  we  find 
from  Eq.  (11-33)  that 


2  2 

Req  * 


8 


and  therefore 


+  r  2)R 

_ 1 _ 

2 


e 


2 


r 


km 


<  8 


Then 
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Evaluating  this  for  the  extremes  encountered  according  to  Fig.  2-4 
we  find  that  at  6000  R 

R  2  <=  .00033 

e 

and  at  4000  R 

R  2  <  .000077 

e 

2  2 

The  tj  and  t2  characteristics  of  a  number  of  available  polarizers 

are  shown  in  Fig.  2-17.  The  squared  extinction  ratios  for  these  polarizers 

at  4300  R  and  6000  R,  computed  from  this  data  are  listed  in  Table  II- 1.  As 

can  be  seen  from  this  table,  the  Glan-Thompson  prism  and  the  Polaroid 

2 

HN-22  are  the  only  polarizers  which  meet  the  R  requirements  which 

e  2 

we  have  just  computed.  The  Polaroid  HN-22,  however,  has  a  t  value 

1  2 

varying  from  0.  35  to  0.  56  in  the  bandwidth  stated,  as  opposed  to  a  tj 
value  of  0.96  for  the  Glan-Thompson  prism.  From  Eq.  (II-28b)  we  see 

4 

that  the  transmission  T2  is  proportional  to  tj  .  This  means  that  use  of 
the  Polaroid  HN-22  would  result  in  a  reduction  of  T2  by  a  factor  of  3  to 


TABLE  II- 1 

EXTINCTION  RATIOS  OF  POLARIZERS 


Polarizer 

R2  (4300  £) 

R2  (6000  R) 

Polaroid  HN-38 

.04 

.000375 

"  HN-  32 

.002 

.000027 

"  KN-36 

.00083 

.0000375 

"  HN-22 

.0000154 

. 0000048 

Glan-Thompson  Prism 

.0000041 

.0000041 
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8.5,  depending  on  the  wavelength,  over  that  available  with  Glan-Thompson 
prisms.  The  necessity  of  operating  at  as  high  a  value  as  possible  in 
addition  to  the  high  extinction  ratio  of  Glan-Thompson  prisms  dictates  their 
use  in  this  apparatus. 

Therefore,  for  R  ^  =  4. lx  10  ^  we  find  from  Robinson's  data  that 
2  2  e 

Rg  q  for  permalloy  films  ranges  from  .  0956  to  .  426  with  corresponding 

values  of  R  from  45  to  13. 

c  max 

2.  3  Analysis  for  white  light  source 

The  preceding  analysis  has  dealt  with  the  case  of  a  monochromatic 
source.  The  present  work  requires  a  very  high  intensity  source  for 
reasons  which  will  become  apparent  in  Chapter  III.  Such  sources  are  un¬ 
available,  except  as  a  white  light  source  with  a  monochromatic  filter. 

Since  such  filters  inherently  lessen  the  total  light  energy  which  can  be 
transmitted  through  the  system  --  e.g.,  an  interference  filter  with  a  50  5 
bandwidth  will  pass  about  5  per  cent  of  the  total  visible  energy  radiated 
from  a  white  light  source  --  it  is  desirable  to  know  the  effects  of  sub¬ 
stituting  a  white  light  source  in  place  of  the  monochromatic  source.  We 
shall  extend  the  previous  analysis,  using  some  simplifying  approximations, 
to  the  case  of  a  white  light  source. 

If  we  consider  a  source  of  intensity  Iq  per  unit  bandwidth,  then  the 
light  transmitted  over  an  incremental  bandwidth  dX  is 

Id  X  =  IQTdX  (11-31) 

where  T  is  the  monochromatic  transmission  factor  of  Eq.  (11-18).  We 
will  assume  that  the  source  has  uniform  intensity  over  its  spectral  range 
X3  to  X4>  Then  the  total  intensity  transmitted  is  obtained  by  integrating 
Eq.  (D-31)  over  the  source  spectral  range,  resulting  in 


(n-32) 


42. 


However,  the  transmission  T  is  limited  by  the  system  spectral  range, 

X.  to  X  (assuming  that  this  lies  entirely  within  the  range  X  to  X  ). 

1  4  3  4 

Hence  the  limits  on  the  right  side  of  Eq.  (11-32)  can  be  changed  to  the 
system  limits,  yielding  after  slight  manipulation 


(II- 32a) 


where  F  represents  the  loss  from  the  system  spectral  limitation,  i.e.. 


F 


(II- 32b) 


and  is  the  transmission  factor  for  a  white  light  source. 

'  Substituting  Eqs.  (II-  16b)  and  (11-18)  into  Eq.  (II-32a),  we  have 


w 


t.  V  p  r 

■  I<VV  J  K  +  +  <V  +  *x*  +  ♦V1  +  N 


dX  (11-33) 


At  this  point  we  will  introduce  notation  in  the  form  of  a  bar  over  a 
quantity  to  represent  averaging  of  the  quantity  over  the  spectral  band¬ 
width,  i.e.. 


X  = 


kJ 


A  d  X 


Carrying  out  the  integration  of  Eq.  (11-33),  we  then  have 


w 


rk2  +  rx2*2  +  r/*2  +2rkrxCO,(V4x)r 


,  2  2  2  "1 

+  2  r,  r  cos  (6.  -  &  +  2  r  r  cos  (i  -  6)  +  (r •  +  r  )  R 

k  y  k  y  xy  x  yY  x  y  e  J 


(K-34) 
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In  this  form,  the  transmission  equation  is  practically  useless,  since 
any  maximization  procedures  become  quite  hopelessly  involved.  To  re¬ 
solve  this  dilemma,  we  will  introduce  an  "average "  P-vector  similar  to 
that  of  Eq.  (II- 14b). 

^av  =  ~kmXp^^  cos*+ r'xexp[j6xfr  +  T  exp  [  jT^]  $  (11-35) 

If  we  now  both  add  and  subtract  the  quantity  PavPav*  to  Eq.  (11-34) 

and  at  the  same  time  normalize  the  transmission  by  dividing  both  sides 

4  2  , 

of  the  equation  by  t^  Fr^  /2  we  have 


T 

wn 


£  £  * 

av  av 
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rkm 
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r,  r  cos  (6  -6  ) 

k  x  k  x 


7.7 cos  (6 :  -  T  ) 

k  x  k  x 


km 


J/I 
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r  r  cos  (6 
x  y  x 


TT  - 
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r  r  cos 
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km  km 


(11-36) 


Letting 


2  2 
r  +  r 

_* _ JL. 


2 


(II- 37a) 
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*km 


2  -2 
rkm  rkm 
—2 
rkm 


(II- 37b) 


2  2—2 
q  =  r  -  r 

X  XX 


(II- 37c) 


2  l  —2 

q  =  r  -  r 

y  y  y 


(II-37d) 


kx 


rkrxcoe  ~  V  ~  rkrxcos  ~T«> 
rkm 


(II-37e) 


’ky 


r/y“‘  (6k  ~  V  ~  Vv1-  <5,  •  V 

rkm 


(n-37f) 


q  =  r  r  cos  (6  -6  )  -  r  r  cos  (T  -  6  ) 
xy  x  y  x  y'  x  y  x  y 


(II-37g) 


we  can  then  write  Eq.  (11-36)  as 

P  P  * 


wn 


av  av  .  „  2  2  .  2  2^,  .  2  /.  7  .2  .  2  ,  <t>  .2 

-2  +  Re  %  +qkm  COS  *  +  qx  (T“)  +  qy  (T~  > 

r. _  r  km  ^  km 


km 


+  2  [qkx  (T“)  +  qky  ^  )_l  cos<*  +  2qxy  ^  * 

^  rkm'  Ky  rkm  J  ^ 
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To  maximize  the  contrast  ratio  for  the  general  case,  as  was  done  in  the 
previous  section  would  be  quite  difficult.  It  is  possible  to  derive  a  general 
relationship  between  4  and  y  for  maximization,  but  the  resulting  expressions 


45. 


are  so  complex  that  no  physical  insight  can  be  gained  from  them.  We  must 
therefore  resort  to  some  approximations. 

2 

It  is  apparent  that  all  q  terms,  with  the  exception  of  qp  ,  are  a  result 
of  the  variation  of  the  specimen  characteristics  as  a  function  of  wavelength. 
Therefore,  any  q  term  whose  factors  are  constant  over  the  spectral  band¬ 
pass  of  interest  will  be  equal  to  zero.  Examining  the  amplitude  reflection 

coefficient  characteristics  in  Figs.  2-5  and  2-6,  we  see  that  all  variations 

2 

other  than  r,  and  6.  are  relatively  small.  Hence,  we  can  say  that  q  , 
km  k  x 

and  q^  are  approximately  zero.  For  the  other  terms,  we  compute 
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If  the  quantities  2q, 


kx  r 


)  and  2q,  (■ 


[JL 


km 


.  2  2 
.  )  are  smaller  than  R  q 

ky  rkm  e  > 


by  a  factor  of  three  or  four,  then  they  can  also  be  neglected.  Suppose  we 
assume  that  the  maximization  procedure  follows  along  the  same  lines  as 
that  of  the  monochromatic  case,  except  that  averaged  values  of  amplitude 
reflection  coefficient  magnitudes  and  phases  are  used.  Then  we  will 
anticipate  the  result  that 


r  sin  (F  -  6  ) 
_  x  x  y 

rw  =  TfT  «in(f  -T) 

y' 


km 


and  that  the  transmission  equation  is  similar  in  form  to  that  of  the  mono¬ 
chromatic  case.  If  this  is  valid,  then  we  can  use  the  averaged  characteristics 


to  compute  that 


r  =  -i. 62  - 
w  r 


km 


From  Fig.  2-14,  we  see  that  in  operation  T  will  probably  not  exceed 
y  W  $ 

5  or  6  and  hence  sr5—  will  be  less  than  3.  5.  ■■**-  will  have  the  same 
r^m  y  r^m 

order  of  magnitude  as  = —  .  Therefore,  if  r  is  near  its  maximum 

r.  w 

value,  then  m 


2  cosot  q  (s^—  )  +  q  (s-ft—  ) 
l  **  rkm  ^  *tan  ■> 
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while  if  F  is  near  the  value  for  R  to  be  at  a  maximum,  then 
w  c 
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^_,]<<  R 
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2  2 
e  qp 


and  we  are  thereby  justified  in  dropping  the  terms  containing  q  and  q  . 

Ra  **0' 

We  can  now  write  the  transmission  equation  for  this  particular  case  as 

^  A 

,  PavR»v*  2  2  2  2o< 

wn  —2  e  ^  km 

rkm 


This  transmission  factor  differs  from  the  monochromatic  transmission 
factor  T  in  three  respects  (other  than  the  normalization). 

1.  There  is  a  factor  F  present  in  the  normalization  representing 
the  spectral  limitations  of  the  system. 

2.  The  magnitudes  and  phases  of  the  amplitude  reflection  coefficients 
in  the  monochromatic  case  have  been  replaced  by  average  magni¬ 
tudes  and  average  phases. 

2  2 

3.  The  term  q.  cos  ef  has  been  added.  In  States  I  and  II,  this 

kin 

can  be  treated  as  an  additional  noise  component,  arising  from 
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the  variation  of  the  magnitude  of  r^.  For  magnetization  conditions 
other  than  States  I  and  II,  this  term  introduces  a  small  variation 
in  the  transmission  factor  when  plotted  as  a  function  of  y. 

We  can  now  carry  out  a  maximization  procedure  similar  to  that  in 
Section  2.2,  arriving  at  the  following  equations  for  the  optimal  transmission 
using  a  white  light  source  with  an  uncoated  specimen. 


2  2 

T  =  (r  +  cobix)  +  q 
wn  w  ^w 


r 
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(II-40a) 

(II-40b) 
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q.  cos  o*  +  R  q 
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(II-40c) 


As  long  as  we  are  dealing  with  the  magnetization  in  State  I  or  State  II  we 

can  apply  the  transmission  and  contrast  curves  of  the  previous  section  to 

the  present  case.  From  Fig.  2-15  we  see  that  the  maximum  contrast 

2  2 

corresponding  to  the  total  noise  parameter,  Rg  qp,  is  17.5. 

This  contrast  value  is  higher  than  that  estimated  from  visual  observa¬ 
tions  on  films  in  the  magneto-optic  apparatus.  However,  the  previous 
analyses  are  based  on  the  assumption  that  the  angle  of  incidence  for  all 
light  rays  is  the  same,  i.e.,  that  our  source  is  ideally  collimated.  In 
reality  the  ideally  collimated  source  cannot  be  attained;  the  writer  would 
estimate  that  there  is  a  spread  of  5°  to  8°  in  the  angle  of  incidence  already 
encountered.  From  the  previous  analyses  we  see  that  any  variation  in 
reflection  characteristics  will  contribute  to  the  noise  parameters.  Since 
the  reflection  coefficients  are  functions  of  the  angle  of  incidence,  as  we 
can  see  from  Eqs.  (U-4a)  through  (II-4c),  it  is  apparent  that  the  spread 
in  angle  of  incidence  will  increase  the  noise  level  and  hence  decrease  the 
available  maximum  contrast.  The  estimated  maximum  contrast  in  the 
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visual  observations  is  approximately  2  to  4.  It  seems  reasonable  that  a 
portion,  if  not  all,  of  this  decrease  arises  from  the  spread  in  angle  of  in¬ 
cidence. 

3 

This  belief  is  supported  by  Anderson's  work  in  observing  domains  in 
ferromagnetic  thin  films.  Using  a  highly  collimated  light  source,  he  has 
obtained  photographs  which  exhibit  considerably  higher  contrast  than  that 
obtained  by  the  writer.  As  we  shall  see  in  subsequent  chapters,  the  use 
of  a  high  degree  of  collimation  results  in  a  loss  of  light  energy  and  hence 
this  desirable  feature  could  not  be  incorporated  into  the  writer's  apparatus. 

In  discussion  of  the  monochromatic  analysis,  we  noted  that  with  suffic¬ 
ient  contrast  available,  one  could  trade  between  contrast  and  transmission. 


Under  certain  circumstances  there  can  be  an  additional  reason  for  working 

2 

at  an  increased  transmission.  Suppose  that  q  is  much  greater  than 
2  2  2  km 


Reqp 


e-e-  qkm  *'• 


Fig.  2-18  shows  the  variation  in  normalized  transmission  as  the  angle 

of  the  magnetization  vector,  «  ,  is  varied  from  0°  to  180°  for  q^2  =  1. 

In  these  curves  T  is  the  transmission  for  no  noise  (monochromatic 
no 

light  and  ideal  polarizers),  is  the  monochromatic  transmission  [Eq.  (11-25) 

plotted  at  a  wavelength  A.  =  4910  J?] ,  and  T^n  is  the  white  light  transmission. 

For  both  values  of  r  given  in  Fig.  2-18  the  curves  for  TnQ  are  proportional 

to  (T  +  cosc*1)2  and  the  curves  for  the  monochromatic  case,  T  ,  differ  from 

n 

the  ideal  TnQ  curve  only  by  a  small  amount.  For  a  white  light  source,  how¬ 
ever,  the  transmission  T  varies  considerably  from  the  ideal  T  curve 
when  r  =  1.5.  From  the  plot  of  this  curve  in  Fig.  2- 18a  we  see  that  it 
would  be  impossible  to  discern  any  angular  difference  in  the  position  of  the 
magnetization  vector  in  the  range  ot  =  120°  to  «=  180°.  If  we  work  at  a  r 

2 

value  of  5,  as  shown  in  Fig.  2 -17b,  the  transmission  contribution  from  qw 
is  small  compared  with  the  overall  transmission,  and  the  transmission  curve 
differs  only  slightly  from  the  ideal  transmission  TnQ. 
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It  is  apparent,  then,  that  the  condition  of  maximum  contrast  may  differ 
considerably  from  the  most  desirable  operating  point  since  the  characteris¬ 
tics  for  determining  the  transmission  parameters  can  vary  from  specimen 
to  specimen.  One  can  either  measure  the  characteristics  of  a  given  speci¬ 
men  and  try  to  compute  the  necessary  adjustments  for  a  magneto-optic 
apparatus  or  else  use  the  preceding  analyses  as  a  guide  and  try  to  deter¬ 
mine  the  optimal  apparatus  adjustments  experimentally.  The  writer  has 
chosen  to  do  the  latter. 

2. 4  Dielectric  Layers  on  Ferromagnetic  Films 

If  we  examine  Eqs.  (11-27)  and  (II-40a),  we  see  that  the  transmission 

2 

factors  are  primarily  proportioned  to  r^m  .  Obviously,  then,  any  increase 

in  r,  will  result  in  an  increase  in  the  transmission  factors  at  a  given 

contrast  ratio.  Such  an  increase  is  possible  if  a  thin  dielectric  layer  is 

evaporated  on  the  surface  of  the  specimen. 

All  reports  which  the  writer  has  been  able  to  find  on  this  subject  state 

that  there  is  an  increase  in  the  Kerr  rotation,  ,  in  some  cases  by  as 

K  4 

much  as  a  factor  of  5  or  6  when  the  dielectric  layer  is  present  .  We  note 
from  Eq.  (II-7a)  that  such  a  rotational  increase  can  arise  either  from  an 
increase  in  the  magnitude  of  r^or  from  a  decrease  in  the  magnitude  of  r  ; 

y 

as  we  shall  see  from  the  subsequent  analysis,  both  effects  can  occur.  This 
writer  is  in  disagreement  with  the  argument  of  these  reports  that  for 
attaining  improved  magneto -optic  observations  the  primary  objective  is  to 

increase  If  this  increase  is  caused  by  a  decrease  in  r  ,  the  noise 

R2  2  y 
parameter  q  (or  q^  )  will  be  decreased  somewhat,  but  there  will  be  very 

little  effect  in  such  a  case  on  the  total  transmission.  Since  the  values  of 
^  and  ’tg,  are  both  necessary  to  determine  the  magnitude  of  r^^.we  see 
that  a  knowledge  of  the  rotational  increase  provides  only  half  the  necessary 
data  and  hence  is  useless  for  making  any  quantitative  estimate  on  the  in¬ 
crease  in  transmission.  That  some  increase  is  possible  with  a  dielectric 
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layer  is  apparent  from  visual  dbservations  of  dielectric  coated  specimens 
in  the  magneto-optic  apparatus;  in  comparison  to  uncoated  specimens,  a 
number  of  coated  specimens  have  exhibited  higher  contrast  and  transmission. 

The  dielectric  layer  also  results  in  some  interesting  color  effects  in 
the  specimens.  Again,  this  is  to  be  expected  due  to  the  interference 
phenomena  present.  All  observations  on  uncoated  specimens  involve  no 
color  effects  whatsoever;  the  domains  in  the  coated  specimens  give  various 
color  effects  depending  on  the  angular  setting  of  the  polarizer  and  analyzer 
and  also  upon  the  thickness  of  the  dielectric  layers.  One  specimen  observed 
shows  colors  mostly  in  the  blues  and  violets.  Another  gives  various  hues 
of  a  rich  yellow-brown.  The  most  striking  color  effects  were  observed  in 
a  specimen  in  which  the  domains  appeared  yellow  for  one  direction  of 
magnetization  and  purple  for  the  other  direction  of  magnetization.  (It  is 
unfortunate  that  further  investigation  on  this  particular  specimen  was  pre¬ 
vented  by  its  accidental  destruction. ) 

We  will  now  proceed  to  calculate  the  expressions  for  the  reflection 
coefficients  of  a  specimen  coated  with  a  thin  dielectric  layer.  The  only 
assumption  made  in  the  analysis  which  --to  the  writer's  knowledge  -- 
has  not  been  experimentally  verified  is  that  Eq.  (II-4c),  the  magneto-optic 
amplitude  reflection  coefficient,  is  valid  when  a  dielectric  is  present  at  the 
boundary  of  the  ferromagnetic  specimen.  (Robinson  has  verified  the  validity 
of  this  expression  for  air  at  the  specimen  boundary. )  We  shall  see  that  both 
the  increase  in  transmission  factor  and  the  color  effects  can  be  explained 
from  the  results  of  this  analysis. 

Consider  a  ferromagnetic  specimen  coated  with  a  dielectric  layer  of 
thickness  d  as  shown  in  Fig.  2-19.  The  incoming  ray  has  an  amplitude 
of  Eq.  The  rays  traveling  away  from  the  surface  in  the  air  are  Er(0)» 

Er(l)’  Er(2)*  .  Er(q-1)'  Er(q)'  Er(:q  +  1) . Er  (m  -  1)* 

Er(m)'  Er  (m  +  1)' .  We  have  denoted  the  air  as  regi°n  the  dielectric 
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as  region  2,  and  the  ferromagnetic  metal  as  region  3.  All  amplitude 
transmission  and  reflection  coefficients  and  their  phases  have  a  subscript 
consisting  of  two  numbers  and  an  x  or  a  y,  the  numbers  denoting  the 
interface,  their  order  denoting  the  side  of  the  interface  upon  which  light 
is  incident  and  the  letter  denoting  the  polarization.  For  example,  ^21x 
denotes  transmission  across  the  air -dielectric  interface  for  an  x-polarized 
wave  incident  on  the  dielectric  side  of  the  interface.  The  one  exception  to 
this  notation  is  the  Kerr  amplitude  reflection  coefficient  which  is  written 
as 

?k  =  rk  exp[i6kJ 


and  is  defined  by  Eq.  (II-4c).  Using  standard  optical  conventions,  the 
relations  between  the  various  transmission  and  reflection  coefficients  at 
the  air -dielectric  interface  are  as  follows: 
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(11-41) 
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where  is  the  index  of  refraction  of  the  dielectric  material.  We  note 
here  that  although  we  have  used  complex  notation,  the  phase  angles  in 
Eqs.  (11-41)  are  always  either  zero  or  ir,  and  therefore  the  square  of  any 
transmission  or  reflection  coefficient  at  the  air-dielectric  interface  is 
equal  to  the  square  of  the  coefficient  magnitude.  To  determine  the  overall 
reflection  coefficients  of  the  coated  specimen,  we  will  sum  the  m  rays 
along  the  wavefront  AA'  in  Fig.  2-18  and  let  m  -*■<».  We  will  see  that 
we  can  then  drop  the  phase  term  containing  m,  since  it  will  be  common 
to  all  reflection  coefficients. 

We  will  define  the  overall  amplitude  reflection  coefficients  by  means 
of  the  matrix  equation 
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The  derivations  of  ft  and  ft  can  be  found  in  any 

x  y 

but  we  will  repeat  them  here  in  order  to  avoid  any 
the  phase  factors  involved. 

Let  Eg  be  polarized  in  the  x  direction,  i.e.. 


advanced  optics  text5, 
confusion  concerning 


(H-42) 


i  E. 
x  Ox 


Then,  referring  to  Fig.  2-19,  we  see  that 


Erx(0)  =  E0x?12xMp(im5l)  <n-43a> 

Erx(q)  -  E0xt12x(f23x)q(f21x,',‘  1\lxeXp[i{2,>42  +  (m-'J,‘l)1 

(II-43b) 

where  6j  and  6^  are  the  phase  lags  along  paths  and  respectively. 

Summing  over  the  wave  front  AA',  and  dividing  each  side  of  the  resulting 
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equation  by  E0j{, 
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we  can  rewrite  Eq.  (U-39)  ae 
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It  is  apparent  that  as  m  ■*  <*> ,  the  series  is  convergent,  since  the  amplitude 
coefficients  are  always  less  than  unity  and  hence 


*r23xrl2 


exp[j«p]  I 


<  1 


We  will  take  the  limit  as  m  *•  »  but  retain  the  term  exp  [jm6  j]  for  the  time 
being.  When  we  have  derived  R^,  we  will  see  that  we  can  drop  this  phase 
factor,  since  it  appears  in  the  same  manner  in  both  reflection  coefficients. 
Hence  writing  the  summation  in  closed  form. 
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The  derivative  of  jR^j  2  is  zero  when  the  phase  of  r23x  *\2X  exPf  i6p] 
is  zero  or  an  integral  multiple  of  ir  and  changes  sign  only  at  those  points; 
hence  the  maxima  and  minima  must  occur  at  these  points  also.  By  looking 
at  the  values  of  Jr^J  2  at  these  points  it  is  relatively  simple  to  show  that 
the  maxima  always  occur  at  the  even  multiples  of  ir  and  the  minima  at 
the  odd  multiples. 

For  computational  purposes  and  for  dealing  with  phase  factors  after 

A 

we  derive  ,  it  is  preferably  to  write  Eq.  (11-47)  in  the  form 
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In  a  similar  fashion  we  can  derive 
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To  determine  R^,  we  assume  that  the  incoming  radiation  is  polarized  in 
the  y  direction,  i-e. 


Eo  -  ^  E 


oy 


The  contribution  to  Erx^qj  arising  from  the  pth  reflection  at  the  metal 
d  ielectric  interface  (p  ^  q)  is 
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Summing  Eq.  (11-50)  over  q  and  p,  and  letting  m-*oo,  we  have 

“kx=J12y't21xfkeXp[im4ll  1  1  [-f23yf12ylP'lt-f23xf12x1‘I’P<!Itp[i,>V 

q=l  p=l 

If  we  write  out  the  terms  of  the  double  summation  in  Eq.  (11-51),  we  see  that 
we  can  sum  over  all  terms  for  p  =  1,  then  for  p  =  2,  etc. ,  arriving  at 
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It  is  immediately  apparent  that  the  summations  in  Eq.  (II- 52)  are  ail  identical, 
and  that  the  coefficients  of  the  summations  form  a  power  series  which  is  convergent, 
since  all  reflection  coefficients  amplitudes  are  less  than  one .  Hence  we  can  write 
(changing  the  lower  summation  indexes  to  zero). 
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Again  we  see  that  the  series  are  convergent.  Writing  Eq.  (11-53)  in  closed  form, 
we  have 
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We  can  immediately  write  by  interchanging  the  x  and  y  subscripts 

and  by  changing  the  sign  of  r^[  see  Eq.  (II- 1)] .  Hence, 


r  -  ~ti2**2iy?kex,,tilmV>>1 
"ky  '  (1  +  *l2fi3x  «*Pl  i V  1  (1  +  f12yf23y  eXp,jV  ’ 


Since  our  observations  deal  only  with  the  reflection  coefficients,  we  can 
now  drop  the  factor  exp(  j(m6j  +  6p)]  since  it  occurs  identically  in  all 
reflection  coefficients. 

Using  the  relations  in  Eq.  (11-41)  we  can  write  Eqs.  (H-54)  and 
(11-55)  as 


1 


Rk> 


nlrktl*r12vltl 


A  i 

r12x 


+  ^12xI>23xeX^^pI  ^  11  +  f12yf23y  'Xptl6pl1 


-i  ♦  w 


I2y 


(l  +  f12xf23xeXptl4p)i  (1  +  f  12y  f23y  eXp  '^p1  > 


(H-55) 


(II- 56) 


V 


(n-sy) 
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Although  the  numerators  of  these  last  two  equations  appear  to  be  dissimilar, 
such  is  not  the  case.  If  we  evaluate  the  numerators,  using  the  Fresnel  equations 
(Eqs.  (II-2a)  and  (II-2b)  ),  we  find  that  the  numerator  of  is 


4  r.  n.cos  0  cos  0, 
k  1  o  1 


(n.cos  0  +  n  cos  0.)  (n  cos  0  +  n,  cos  0,  ) 
1  oo  1  o  ol  1 


while  that  of  is 


a  2 

-4  r.  n  n,  cos  0  cos  0, 
k  o  1  o  1 


(n.cosO  +  n  cos  0,){n  cos  0  +  n.  cos  0.) 
loo  lo  ol  l 


Since  nQ,  the  refractive  index  of  air,  is  unity,  the  numerators  are  identical 
except  for  sign.  This  latter  difference  is  to  be  expected  from  the  behavior 
of  the  off-diagonal  matrix  elements  in  Eq.  (II- 3). 

Hence,  we  can  write  the  amplitude  reflection  coefficients  for  a  specimen 
with  a  dielectric  coating  as  a 


B 

x  23x 


1  f  a-1"  "-  exp  [  -j6  ] 
23x _ p 

I+?12x  ?23xeXP[j6p] 


(11-58) 


1  +  exp  ] 


23x 


(11-59) 


4r,  n,  cos  0  cos  0, 

&  =  .  &  =  _ k  I  o  1 _ 

^cx  3cy  (n.cos  0  +n  cos0.)(n  cos  0  t  n,  cos  0.) 

J  1  0  0  1  o  o  1  1 


(1  +  f  l2*f23x  "P'i'p1  )(1  +  fl2yf23y  '^p1  > 


X 


(H-60) 


From  Fig.  2-19,  we  determine  through  a  simple  trigonometric  analysis 
that 


6  =  2» 
P 


2dn^  cos  8 1 


(H 


In  general,  one  cannot  determine  the  maxima  and  minima  of  Eq.  (11-60) 

as  6  is  varied,  because  of  the  difference  in  phase  between  r,  ,  and 
A  P  K  23x 

r^^y.  In  the  particular  case  under  discussion,  however,  when  this  phase 
difference  is  large, 

^12yAr23yeXptlVl  <  -°5 


whereas  when 


?Uy5l23yeXp[iy 


>  .05 


the  phase  difference  is  small.  Under  these  conditions,  the  term 

^12y  ^2  3y  exp  ^6p^  *ias  effect  on  The  magnitudes  and  phases 

of  the  amplitude  reflection  coefficients  are  plotted  as  a  function  of  n^  in 

Fig.  2-20,  and  those  for  r._  r_,  and  r...  r,_  in  Fig.  2-21.  (6_  and 
°  12x  23x  12y  23y  °  'Re 

6_  are  the  phases  of  and  .)  From  these  we  see  that 

Ty  r  12x  23x  12y  23y 

the  minima  and  maxima  of  &^x  occur  approximately  when 


6  +6  =  m 

Tx  p 


n  being  odd  for  the  maxima  and  even  for  the  minima.  The  magnitude  and 
phase  of  ^1{Xn  (normalized  to  the  value  of  I^x  when  n^  a  0)  plotted  in 
Fig.  2-22  as  a  function  of  n^  For  larger  values  of  n1  than  those  plotted, 
asymptotically  approaches  zero.  From  this  figure,  we  see  that  at 
most  the  magnitude  of  can  be  increased  by  a  factor  of  1.96  over  the 
magnitude  of  (when  the  angle  of  incidence  is  609). 
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FIG.  2-20  AMPLITUDE  REFLECTION  COEFFICIENTS 
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FIG.  2-21  REFLECTION  COEFFICIENT  PRODUCTS 
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Figs.  2-23  through  2-27  show  the  behavior  of  the  magnitudes  and  phases 

of  the  coefficients  for  a  number  of  dielectric  refractive  indices  as  6  is 

P 

varied  through  a  range  of  2 it.  Using  these  curves  and  those  in  Fig.  2-5 

we  can  determine  the  characteristics  of  a  coated  specimen  as  a  function 

of  X;  In  these  figures  5  is  the  value  of  6  when  R,  is  at  a  minimum. 

max  p  Ten 

In  Figs.  2-28  and  2-29,  the  magnitude  of  R^x  is  shown  for  a  number 
of  values  of  d  for  coatings  with  refractive  indices  of  1.66  and  2.4.  The 
average  magnitudes  of  R^  are  summarized  in  Table  II-2.  Note  that  the 
highest  average  magnitudes  occur  for  relatively  thin  dielectric  layers 
(774  R  and  355  R).  For  these  thicknesses  the  first  maximum  of 
which  has  a  very  broad  peak,  is  centered  in  the  visible  spectrum.  For  the 
other  thicknesses  shown,  the  second  maximum,  which  has  a  much  narrower 
peak,  is  centered  at  various  wavelengths  from  3000  R  to  7000  R.  The 
effect  of  this  peak  is  apparent  from  examination  of  the  curves.  For  ex¬ 
ample,  with  a  refractive  index  of  1 . 66  and  with  the  second  maximum  cen- 

0  A 

tered  at  4000  A  (d  =  4516),  the  variation  of  R.  combines  with  the  variation 

Knx 

of  r,  to  yield  a  very  steep  curve.  On  the  other  hand,  if  this  maximum 

Kill 

occurs  at  5500  R  (d  =  6210  R),  the  resultant  curve  is  relatively  flat.  We 

A 

note  from  Table  II-2  that  the  average  magnitude  of  R^x  for  both  cases  is 
about  the  same.  Finally  we  note  that  for  the  second  maximum  at  3000  R 
we  actually  have  less  average  magnitude  of  than  with  an  uncoated 
specimen. 

We  can  now  gain  some  insight  into  the  origin  of  the  color  effects  men¬ 
tioned  previously.  Suppose  we  have  a  specimen  with  a  dielectric  layer  of 
refractive  index  2.  4  and  a  thickness  of  4770  R,  so  that  the  second  maximum 
of  R^  is  centered  at  4500  J?  (see  Fig.  2-29).  The  specimen  parameters, 
the  values  of  y  and  $  for  a  Tj  minimum  at  5500  R,  and  the  values  of 
Tj  and  T^  computed  from  Eqs.  (II-16a),  (XI-  16b),  and  (11-18)  are  listed 
in  Table  II- 3.  The  transmission  factors  as  a  function  of  wavelength  are 
plotted  in  Fig.  2-30.  We  can  see  from  the  average  transmission  values 
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FIG.  2-27  VARIATION  OF  REFLECTION  COEFFICIENTS  -  n,  -  3.14 


PHASE  (  DEGREES  ) 
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FIG.  2-28  1^  OF  PERMALLOY  FILM  WITH  DIELECTRIC  LAYER  -  n,  -  1.66 


MAGNETO -OPTIC  REFLECTION  COEFFICIENT 
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WAVELENGTH  (ANGSTROM9) 


FIG.  2-29  OF  PERMALLOY  FILM  WITH  DIELECTRIC  LAYER  —  n]  »  2.40 
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given  in  Table  II-  3  that  the  angular  settings  of  the  polarizers  are  probably 
not  optimum,  since  the  contrast  ratio  for  a  white  light  source  is  quite  small, 
being  about  1.65.  This  is  consistent  with  our  previous  derivations,  which 
indicated  that  for  a  white  light  source  one  should  adjust  the  polarizers  for 


To  achieve  this,  we  see  from  Table  II- 2  and  Fig.  2-29  that  we  should 
adjust  in  this  case  for  a  T^  minimum  at  4980  R;  the  computations  were 
done  for  the  5500  R  minimum  in  order  to  better  illustrate  the  color  effects. 

The  colors  which  would  be  observed  for  the  transmission  curves  in 
Fig.  2-30  were  determined  with  the  aid  of  a  tristimulus  diagram^.  In 
order  to  more  nearly  approximate  the  transmission  curves  which  would 
be  observed  visually,  transmission  values  were  estimated  for  the  wave¬ 
length  range  from  6000  R  to  7000  R.  According  to  this  determination,  in 
State  I  the  color  to  the  observer  would  be  purple  of  75  per  cent  purity 
centered  at  4000  R  while  that  in  State  II  would  be  yellow  of  16  per  cent 
purity  centered  at  5750  R.  One  notes  that  it  would  be  relatively  easy  under 
such  conditions  to  distinguish  between  domains,  although  the  overall  in¬ 
tensity  contrast  ratio  is  only  1.65. 

From  the  parameters  listed  in  Table  II- 3,  one  can  see  the  reason  for 
the  transmission  behavior.  In  the  5000  R  to  6000  R  wavelength  range,  all 
parameters  are  either  relatively  constant  or  at  the  most  only  slowly  varying. 
Hence  the  transmission  factors  Tj  and  T 2  vary  only  slightly  over  this  range. 
In  the  range  of  4000  R  to  5000  5,  however,  Rx  and  vary  considerably. 
This  means  a  departure  from  the  T^  minimum  conditions  and  we  see  the 
result  in  the  increase  of  Tj  in  this  range.  The  Rx  and  Ax  variations  also 
result  in  a  decrease  in  the  T^  transmission  near  4000  R.  One  would  sus¬ 
pect  that  this  is  not  merely  fortuitous,  since  an  unvarying  T2  curve  would 
meen  that  the  specimen  in  State  II  would  appear  white  to  the  observer,  and 
such  is  not  the  case.  However,  to  be  certain  of  the  transmission  factor  be¬ 
havior  would  require  an  amount  of  computation  which  is  beyond  the  scope 
of  the  present  project. 


76. 


To  apply  a  general  maximization  procedure  to  the  dielectric  coated 
specimen  case  would  be  quite  difficult,  the  reason  being  evident  if  we  refer 
back  to  Eq.  (11-38). 


T 

wn 


P  P  * 
av  av 

rkm 


+  R 


2  2 


+  % 


km 


2  2  ^  2  . 

cos  «x  +  (= 
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km 


0  2  (J~  )2 

rkm 


+  2 


qnx  > +  V 

km  km 


+  2qxy  ]  ] 

y  km  km 


(11-38) 


The  values  of  R 


2  2 


2  2 

q^  and  q^  for  the  various  values  of  d 


e  **p  '  Mkm 

used  in  Figs.  2-27  and  2-28  have  been  tabulated  in  Table  H-2.  The  values 

of  q  ,  q,  and  q  were  not  computed  because  of  the  time  involved,  but 
kx  Ky  xy 

the  data  tabulated  is  sufficient  to  indicate  the  difficulties.  We  were  able  to 

2  2 

carry  out  the  maximization  previously  because  all  terms  excepting  Rg  q^ 

and  qkm2  could  be  neglected.  As  we  see  from  the  data  in  Table  II-2,  this 

cannot  be  done  in  the  present  case,  as  q  2  and  q2  are  not  generally 

2  2*2^ 

negligible  with  respect  to  Rg  q^  and  q^m  .  Moreover,  the  values  of 

q  and  q  for  the  uncoated  specimen  were  comparable  in  magnitude  to 
kx  2  Ky 

q  and  the  writer  suspects  that  this  will  also  be  true  in  the  present  case. 


km 

This  means,  for  example,  that  for  n^  =  1.66  and  d  =  5081  all  q  terms 
would  be  of  the  same  order  of  magnitude  and  we  would  hence  have  to  have 
numerical  values  for  each  maximization. 

One  case,  though,  can  be  treated  by  our  previous  analysis,  the  case 
when  the  first  R^n  maximum  lies  in  the  visible  spectrum.  Since  the 
maximum  in  this  instance  is  broad,  all  magnitude  and  phase  characteristics 
are  simply  changed  by  a  constant  value.  Specifically,  Rkn>  1,  Rx  and  R^ 
are  decreased,  and  the  phases  are  shifted.  This  means  that  qkm2  remains 
the  same  as  for  the  uncoated  specimen  case,  while  all  other  q  values  are 
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decreased;  hence,  by  the  same  arguments  as  were  used  in  the  uncoated 

2  2 

specimen  case  for  a  white  light  source,  we  need  only  consider  Rg 
and  qkm2,  and  the  results  in  Eqs.  (II-40a)  through  (II-40c)  can  be  applied. 
Moreover,  as  was  noted  previously,  for  a  given  value  of  nj  the  maximum 
value  of  occurs  in  this  case. 

We  can  summarize  the  results  of  this  section  as  follows: 

1 .  Rkn  is  maximized  with  a  dielectric  layer  with  a  refractive 
index  equal  to  three.  In  practice,  the  highest  refractive 
index  attainable  in  a  thin  dielectric  seems  to  be  2.4,  that 
for  zinc  sulfide  and  titanium  dioxide.  However,  this  only 
decreases  R^  by  about  two  per  cent  from  its  maximum 
possible  value. 

2.  R^  is  maximized  when  the  thickness  of  the  layer  is  such 
that  the  first  maximum  of  R^  lies  in  the  visible  spectrum. 

For  such  a  thickness  the  background  noise  is  decreased 
over  that  for  the  uncoated  specimen.  Therefore,  consider¬ 
ably  higher  contrast  should  be  available. 

3.  Because  of  the  broad  maximum,  there  should  be  little,  if 
any,  color  effects  visible. 

4.  For  any  dielectric  thickness  other  than  that  mentioned  im¬ 
mediately  above,  R^  is  lessened  and  the  background  noise 
may  be  increased. 

5.  For  relatively  thick  dielectric  layers  (2000  R  or  higher) 
color  effects  will  probably  be  present. 


{ 
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CHAPTER  III 
SYSTEM  DESIGN 

For  photographing  the  switching  phenomena  described  in  Chapter  I, 
three  photographic  systems  have  been  considered: 

System  I  --  a  single  exposure  system  with  sufficient 
aperture  and  light  source  intensity  to  re¬ 
cord  a  stage  of  the  switching  in  one  expo¬ 
sure. 

System  II  --  a  repetitive  system  which  would  strobe  any 
given  stage  of  the  magnetic  switching  and 
repeatedly  photograph  it  until  a  sufficiently 
dense  image  had  been  built  up  on  the  photo¬ 
graphic  film. 

System  III  --a  multiple  exposure  system  which  would 

record  successive  stages  of  switching  dur¬ 
ing  a  single  switching  cycle. 

This  Chapter  will  present  a  description  of  the  completed  system,  a  dis¬ 
cussion  of  the  various  design  decisions  which  led  to  the  selection  of  the 
particular  components  used,  and  an  estimate  of  the  operating  limitations 
of  the  apparatus. 

The  design  basis  of  the  apparatus,  which  we  are  about  to  describe, 
was  that  of  System  I,  mentioned  above;  the  reasons  for  the  choice  will 
be  discussed  later  in  this  Chapter.  Such  a  system  can  be  viewed  basi¬ 
cally  as  a  merging  of  magneto-optic  techniques  and  ultra  hi#i  speed 
photographic  techniques.  Considerable  research  has  been  carried  out 
by  a  number  of  people  in  both  of  these  areas.  2’  3’  4’  ^  in  addition 

to  the  components  shown  in  Figure  2 £,  the  electronic  apparatus  for  ap¬ 
plying  a  pulsed  field  and  synchronizing  this  field  with  the  shutter  and 
the  light  source  (assuming  the  use  of  a  flash  lamp)  is  required  for  con¬ 
ducting  studies  during  the  switching  of  ferromagnetic  specimens.  A 
few  lenses  are  also  necessary.  Since  all  of  these  items  are,  to  a 
greater  or  lessor  extent,  fairly  commonly  known  and  used,  the  question 
arises:  Why  should  the  construction  of  such  an  apparatus  involve  any 
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special  difficulties?  The  answer  lies  in  a  consideration  of  the  surface 
brightness  of  available  light  sources,  the  transmission  factor  of  the  sys¬ 
tem,  the  exposure  duration  required,  and  the  light  sensitivity  of  available 
photographic  emulsions. 

Initially,  in  this  Chapter,  we  will  present  a  description  of  the  com¬ 
pleted  system,  following  which  the  major  design  factors  and  problems 
will  be  discussed.  Some  numerical  estimates  on  the  operating  limits 
of  the  system  will  be  made.  The  more  specific  aspects  of  the  design 
problems  will  be  treated  in  ensuing  chapters. 

3.1  The  Magneto -optic  Photographic  System 

The  completed  system  is  shown  in  Figure  3-1.  Figure  3-2  is  a 
schematic  of  the  optical  portion  of  the  apparatus,  while  Figure  3-3  is 
a  block  diagram  of  the  electronic  instrumentation. 

For  dynamic  exposure  (referring  to  Figure  3-2),  high -intensity 
short-  duration  light  pulses  are  focused  by  the  flash  lamp  lens  through 
a  Gian -Thompson  prism  onto  the  specimen.  The  light  reflected  from 
the  specimen  is  collected  by  the  object  lens  and  passes  through  a  second 
Glan-Thompson  prism,  the  analyzer  for  observing  the  magnetic  configur¬ 
ation  of  the  specimen.  Shuttering  is  accomplished  by  a  Kerr  electro-op¬ 
tical  shutter  (a  nitrobenzene  cell)  oriented  at  45°  with  respect  to  the 
principal  plane  of  the  analyzer.  This  analyzer  and  the  third  Glan-Thomp¬ 
son  prism,  which  is  oriented  at  90°  with  respect  to  the  principal  plane 
of  the  analyzer,  are  the  polarizers  required  for  the  shuttering  action  of 
the  Kerr  electro -optical  unit.  After  passing  through  the  shutter,  the 
light  is  focused  by  the  camera  lens  onto  the  photographic  film.  The  ob¬ 
ject  lens  is  so  positioned  that  it  images  the  center  of  the  specimen  at 
infinity,  and  the  camera  lens  is  hence  focused  for  an  object  whose  cen¬ 
ter  is  at  infinity;  the  reasons  for  this  will  be  discussed  in  the  following 
chapter.  All  Glan-Thompson  prisms  are  mounted  in  precision  rotary 
tables  to  facilitate  accurate  angular  positioning  and  ease  of  adjustment 
of  their  polarizing  axes. 

In  Figure  3-4  we  see  the  specimen  holder  and  the  magnetic  field 
coils.  The  specimen  holder  is  merely  a  length  of  polystyrene  mounted 
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FIG.  3-1  a  COMPLETED  MAGNETO-OPTIC  PHOTOGRAPHIC  APPARATUS 
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FIG.  3-lb  COMPLETED  MAGNETO-OPTIC  PHOTOGRAPHIC  APPARATUS  -  OPTICAL  SECTION 
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FIG.  3-2  OPTICAL  SCHEMATIC 


FIG.  3-3  ELECTRONIC  INSTRUMENTATION  BLOCK  DIAGRAM 
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FIG.  3-4  SPECIMEN  HOLDER  AND  FIELD  COILS 
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at  its  lower  end  in  two  ball  bearings  to  facilitate  rotary  positioning  of 
the  specimen.  All  magnetic  fields  are  generated  from  Helmholtz  coil 
pairs.  The  two  large  Helmholtz  pairs  supply  longitudinal  and  trans¬ 
verse  bias  fields;  the  two  small  pairs  (each  coil  consisting  of  a  single 
silverplated  brass  ring)  provide  either  a  longitudinal  or  a  transverse 
pulsed  field  for  switching  the  specimen.  All  apparatus  in  the  vicinity 
of  the  specimen  is  painted  with  flat  black  paint. 

The  voltage  pulse  for  the  shutter,  the  current  pulse  for  the  pulsed 
field  coils,  and  the  trigger  pulse  for  the  flash  lamp  are  all  supplied  by 
hydrogen  thyratron  pulse  generators.  Synchronization  of  these  pulse 
generators  is  accomplished  by  a  pulse  distribution  panel  incorporating 
variable  and  tapped  delay  lines.  Current  for  the  bias  field  coils  is 
supplied  by  a  regulated  supply  which  is  so  designed  that  it  can  be  used 
for  visual  observation  of  quasi-static  switching. 

For  static  observations  a  telescope  and  a  zirconium  arc  lamp  with 
a  condensing  lens  are  included  in  the  apparatus.  These  are  introduced 
into  the  optical  path,  as  shown,  by  means  of  removable  diverting  prisms. 

3.2  Choice  of  System 

At  the  beginning  of  this  Chapter,  three  possible  systems  were  des¬ 
cribed.  The  multiple  exposure  system  (System  HI)  was  considered  un¬ 
feasible  from  consideration  of  cost  and  time  required.  With  such  a 
system,  in  order  to  obtain  meaningful  data  about  film  switching  of 

1  n sec  duration,  a  framing  rate  on  the  order  of  20,000,000  exposures 
per  second  would  be  required;  commercial  cameras  with  such  a 
framing  rate  are  not  available.  At  one  point  an  electric  optical  mul¬ 
tiple  exposure  unit  was  designed.  This  setup  would  use  a  Kerr  electro - 
optic  cell  followed  by  a  Wollaston  prism  to  switch  light  from  one  path 
to  another;  a  number  of  such  units  cascaded  in  a  standard  relay  tree 
circuit  would  have  a  framing  rate  limited  only  by  the  switching  speed 

Ir 

of  the  circuitry  energizing  the  Kerr  cells.  However,  for  2  exposures, 

le 

2  -1  prisms  and  Kerr  cells  would  be  required,  and  for  any  useful  num¬ 
ber  of  exposures  the  cost  of  the  prisms  and  developing  the  Kerr  cell 
units  was  considered  prohibitive;  also,  an  undue  amount  of  develop¬ 
ment  time  would  be  involved. 
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If  the  magnetic  configurations  of  the  film  at  a  given  stage  of  the 

switching  cycle  were  the  same  from  cycle  to  cycle,  System  II  would 

be  quite  adequate  for  the  desired  results.  Unfortunately,  the  few  indi- 

7 

cations  available  are  to  the  contrary.  Barkhausen  effects  and  switch- 

Q 

ing  studies  for  materials  other  than  thin  films  indicate  that  switching 
is  non -repetitive;  there  is  no  reason  to  believe  that  the  case  would  be 
any  different  with  thin  films.  A  number  of  remanent  states  of  a  thin 
film  are  shown  in  Figure  3-5.  (These  photographs  were  taken  at  an 
early  stage  of  the  work  when  the  optics  would  not  give  satisfactory 
focusing).  These  states  are  on  the  same  point  of  a  highly  saturated 
hysteresis  loop  and  were  successively  photographed  upon  complete 
traversals  of  the  loop.  The  tower  photograph  is  an  effective  super¬ 
position  of  twenty  such  states;  it  is  obvious  that  the  magnetic  config¬ 
uration  does  not  repeat  from  cycle  to  cycle  in  this  case.  The  observa- 

q 

tions  of  Conger  et  al.  on  thin  film  switching  indicate  that  while  some 
areas  of  a  film  may  switch  repetitively,  others  may  not.  Moore10 
states  that  he  has  observed  repetitive  switching  but  that  adjustment 
of  operating  conditions  is  very  critical  to  obtain  this  behavior. 

None  of  these  objections  apply  to  System  I.  Many  of  the  basic 
ideas  of  this  system  are  quite  straightforward,  albeit  one  may  expect 
difficulties  in  employing  them.  Since  this  system  seems  to  be  feasible, 
we  shall  now  examine  the  reasons  for  the  choice  of  the  major  compon¬ 
ents  involved. 

3.3  Light  Source 

Four  types  of  light  sources  are  available  when  high  intensity 
sources  are  required:  xenon  flash  lamps,  spark  gaps,  exploding  wires, 
and  argon  bombs.  Of  these  the  xenon  lamp  is  the  most  desirable  in  the 
present  application.  Spark  gaps  can  be  designed  for  short  duration11 
(which  would  eliminate  the  need  for  a  shutter  in  the  system  if  the  inten¬ 
sity  was  sufficient)  or  for  high  intensity,  but  not  both.  Exploding  wires12 

fi 

have  yielded  total  outputs  as  high  as  2  x  10  candle  power;  the  surface 
brightness  of  such  a  source  is  not  mentioned,  and,  as  we  shall  see  later, 
surface  brightness  is  far  more  important  for  our  purposes  than  total 
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output  since  we  can  only  utilize  a  small  area  of  the  source.  Both  spark 
gaps  and  exploding  wires  have  fair  amounts  of  jitter  and  for  this  reason 
were  dropped  from  consideration.  The  light  from  an  argon  bomb  is  gen¬ 
erated  by  a  shock  wave  traveling  through  argon  gas,  the  shock  wave  arising 
from  an  explosive  charge.  This  source  has  long  duration,  eliminating  syn¬ 
chronization  problems,  but  has  the  disadvantage  of  being  dangerous  and 
likely  to  blow  up  the  entire  apparatus  as  well  as  being  exceedingly  incon¬ 
venient  to  use.  Hence  xenon  lamps  were  chosen  as  the  light  source;  they 
are  easily  synchronized,  have  high  intensities,  and  are  available  in  a  wide 

variety  of  shapes  and  sizes.  The  particular  lamp  selected  for  this  work  is 

13 

an  Edgerton,  Germeshausen  and  Grier  type  FX-12  lamp.  This  device 

11  2 

can  be  operated  at  a  peak  surface  brightness  of  4  x  10  candles/meter 
with  a  total  peak  output  of  3,000,000  horizontal  candle  power  and  a  dura¬ 
tion  of  2  microseconds.  Its  small  size  (1.2  mm  x  6.4  mm)  makes  it 
readily  adaptable  to  the  optical  system,  as  we  shall  see  later. 

3.4  Shutter 

From  the  data  of  Olson  and  Pohm  we  have  seen  that  switching  times 
*8 

as  short  as  8  x  10  seconds  sure  of  interest.  To  make  any  pretense  at 
stopping  the  motion  at  these  speeds  requires  an  exposure  duration  of  5  to 
10  mpi  sec.  at  the  most.  Such  short  exposures  are  only  obtainable  with  a 
Kerr  electro -optical  shutter,  an  image -converter  shutter,  or  possibly  a 
solid  state  electro-optical  shutter  based  on  the  electro -optical  behavior 
of  ammonium  or  potassium  dihydrogen  phosphate.  Magneto-optic  shutters 
were  considered,  but  it  was  decided  that  it  would  be  difficult,  if  not  impos¬ 
sible,  to  operate  them  in  this  range.  The  solid  state  shutter  requires  the 
use  of  highly  collimated  light;  in  addition,  the  only  data  available  on  its 

high  speed  behavior  concerns  its  use  in  a  wave  guide  at  a  frequency  of 
14 

3,000  me  and  considerable  experimentation  might  be  required  to  attain 
successful  operation.  The  image -converter  shutter,  developed  by  RCA,  ^ 
was  not  commercially  available  at  the  time  this  work  was  started;  it  has 
the  advantage  of  having  a  certain  amount  of  light  amplification,  but  the 
disadvantages  of  critical  shuttering  voltage  for  proper  operation  and  poor 
resolution  relative  to  that  of  the  electro-optical  shutters. 

The  only  drawbacks  of  the  Kerr  electro -optical  shutter  are  that  (1) 
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extremely  high  voltages  are  required  for  use  with  wide  aperture  shutters 
and  (2)  the  active  element  is  nitrobenzene,  an  organic  liquid  which  is  toxic 
and  which  stops  all  wave  lengths  shorter  than  4300  A.  Despite  these  fac¬ 
tors,  in  view  of  the  fact  that  this  type  of  shutter  has  been  used  extensively 
in  the  fractional  n  sec.  region,  the  decision  was  made  to  incorporate  a 
shutter  of  this  type.  Two  commercial  Kerr  cells  are  available.  Investi¬ 
gation  of  these  units  revealed  that  one  of  them  has  an  intolerable  amount 
of  jitter  and  that  both  use  undesirable  polarizers  for  this  particular  ap¬ 
plication;  also,  the  cost  of  both  units  was  prohibitive.  Since  one  of  these 
units  seems  to  be  exceedingly  well  designed,  having  wide  aperture  and  low 
jitter,  the  writer  decided  to  construct  a  similar  unit  making  modifications 
where  desirable. 

3.5  Photographic  Film  Sensitivity 

Initial  investigations  on  the  requirements  of  the  problem  indicated 
that  photographic  emulsion  speed  would  be  of  considerable  importance 
towards  obtaining  results.  High-speed  emulsions,  of  course,  mean  some 
sacrificing  of  resolution,  but  high  resolution  is  of  no  value  if  there  is  not 
sufficient  light  energy  to  form  a  photographic  image.  The  optical  system 
has  an  input  aperture  limitation,  since  the  variation  of  angle  of  incidence 
of  light  on  the  specimen  must  be  only  a  few  degrees.  This  means  that  for 
a  given  specimen  and  a  given  exposure  duration  the  total  light  energy 
available  for  forming  an  image  on  the  photographic  film  is  constant.  By 
changing  the  camera  lens  focal  length  (See  Figure  3-2),  the  image  size 
can  be  varied  and  the  light  energy  per  unit  area  in  the  image  can  be 
matched  to  the  film  speed.  Under  such  circumstances,  optimum  results 
are  obtained  with  a  photographic  emulsion  that  has  a  high  speed -to -gran¬ 
ularity  ratio.  There  are  certain  limitations  to  this;  for  example,  one 
should  not  choose  an  emulsion  with  an  ASA  rating  of  1  just  because  the 
speed -to -granularity  ratio  of  that  emulsion  is  high. 

The  initial  choice  of  film  was  Kodak  Royal -X  Pan  film.  This  film 
cna  be  rated  at  ASA  1600  and  has  a  fairly  flat  response  over  the  visible 
spectrum.  An  example  of  a  10  millimicrosecond  exposure  of  a  specimen 
taken  with  this  film  is  shown  in  Figure  3-6.  As  is  apparent  from  the 
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FIG.  3-6  10  mpSEC  EXPOSURE  —  ROYAL-X  PAN  FILM 


FIG.  3-7  10  mpSEC  EXPOSURE  -  DOUBLE-X  FILM 
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photograph,  the  film  is  quite  grainy,  obscuring  the  domain  detail. 

A  later  choice  of  film  was  Eastman  Double -X  Cine  Film.  This 
emulsion  is  somewhat  slower  than  Royal -X  Pan  but  has  a  higher  speed - 
to -granularity  ratio.  Figure  3-7  is  a  10  millimicrosecond  exposure 
under  the  same  magnification  conditions  as  Figure  3-6.  The  density  of 
the  image  on  the  Double -X  film  is  less  than  the  image  on  the  Royal -X 
Pan  film,  but  the  granularity  of  the  former  is  far  less  than  that  of  the 
latter. 

ASA  ratings  sire  somewhat  meaningless  when  working  at  the  toe  of 
the  log  density-log  exposure  curve  of  an  emulsion.  A  rough  estimate 
would  be  that  the  films  mentioned  can  be  used  somewhere  in  the  range 
of  ASA  speeds  from  1000  to  5000. 

3.6  Pulsed  Magnetic  Field 

Some  characteristics  of  parallel  plate  transmission  lines  and 
single -turn  Helmholtz  coil  pairs  were  investigated  to  determine  their 
relative  merits  for  providing  a  pulsed  magnetic  field. 

A  parallel  plate  transmission  line  has  the  immediate  advantage 
that,  when  properly  terminated,  it  presents  a  resistive  load  to  the 
driving  source,  a  desirable  feature  in  high  speed  pulse  work.  The  field- 
current  relationship  in  such  a  line  of  width  w  is  given  approximately  by 

H  =  1.26-^-  (HI-1) 

where  H  is  in  oerstads,  I  is  in  amperes,  w  is  in  cm.  If  we  desire 
that  a  minimum  field  of  10  oerstads  is  being  generated  by  a  source 
current  of  30  amperes,  a  plate  width  equal  to  or  less  than  4.75  cm 
will  provide  the  necessary  field.  If  we  assume  for  this  width,  a  plate 
separation  on  one  centimeter,  the  field  on  a  one -centimeter  diameter 
specimen  centered  within  the  line  wiU  be  uniform  to  about  3  per  cent. 

Since  we  wish  to  be  able  to  apply  pulsed  fields  both  along  and  trans¬ 
verse  to  the  optic  axis,  two  sets  of  parallel  plate  lines  would  have  to  be 
used.  In  each  case  the  top  plate  intersects  the  optic  axis  in  the  system 
and  viewing  holes  would  therefore  have  to  be  cut  in  the  plates.  It  is 
also  desirable  to  be  able  to  rotate  the  specimen  for  optimum  position¬ 
ing;  this  would  mean  either  a  specimen  holder  of  increased  complexity 
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over  that  which  is  actually  being  used  or  holes  cut  in  the  bottom  plates 
of  the  lines  to  allow  the  use  of  a  specimen  holder  mounted  underneath 
the  line  and  projecting  into  the  pulsed  field  space.  All  such  holes  tend 
to  distort  the  magnetoc  field  and  to  introduce  higher  modes  other  than 
the  simple  TEM  mode  which  is  present  in  the  ideal  parallel  plate  trans¬ 
mission  line. 

Curves  for  inductance  and  field  per  unit  current  as  a  function 
of  coil  diameter  are  shown  in  Figure  3-8  for  a  Helmholtz  coil  consisting 
of  two  single  loops  of  wire.  A  Helmholtz  coil  approximately  2"  in 
diameter  meets  the  field-current  requirements  and  has  an  inductance, 
for  a  wire  diameter  of  about  0.  1",  of  0.2.  microhenries.  As  we  shall 
see  shortly,  this  amount  of  inductance  will  have  little  effect,  considering 
the  current  pulse  source  impedence.  The  Helmholtz  coils  also  present 
no  problems  in  viewing  or  in  the  use  of  a  specimen  holder.  An  analysis 
of  the  field  in  the  center  plane  of  this  coil  shows  that  for  a  specimen 
1  cm  in  diameter  the  field  over  the  specimen  varies  about  one  per  cent 
in  the  direction  of  the  coil  axis  and  about  2.2  per  cent  at  right  angles  to  the 
coil  axis.  These  factors  seem  to  justify  the  choice  of  Helmholtz  coils  over 
parallel  plate  transmission  lines  for  use  in  the  apparatus. 

A  delay  line  pulse  generator  was  considered  the  best  circuit  for 
generating  the  pulse  field  current.  For  millimicrosecond  rise  time, 
three  switching  devices  can  be  used  in  such  a  pulse  generator:  hydro¬ 
gen  thyratrons,  mercury-wetted  contact  relays,  and  spark  gaps.  The 
mercury  relay  has  an  extremely  rapid  rise  time  (less  than  a  millimicro¬ 
second  in  the  proper  circuit  configuration)  but  neither  it  nor  a  spark 
gap  can  be  synchronized  for  the  system  operation  required.  Hydrogen 
thyratrons,  as  we  shall  see  later,  can  be  operated  with  minimum  rise 
times  of  15  to  30  m^tsec.  They  are  easily  synchronized  and,  with  careful 
circuit  design,  jitter  can  be  reduced  to  about  2  m/isec.  The  thyratron  presents 
an  impedence  which  must  be  taken  into  account  in  the  pulse  generator 
design,  and  it  can  supply  a  pulse  of  only  one  polarity,  unless  a  pulse 
transformer  is  used  (which  in  this  case  is  undesirable).  The 
specimen  must  be  switched  in  both  directions,  but  the  system  need 
be  synchronized  to  only  one  direction  of  switching  for  study.  Therefore, 
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rather  than  use  two  sets  of  Helmholtz  coils  for  a  switching  field,  and 
two  thyratron  pulse  generators,  a  single  Helmholtz  coil  is  used,  with 
a  hydrogen  thyratron  pulse  generator  supplying  a  current  pulse  of  one 
polarity  synchronized  to  the  system  and  a  mercury  relay  pulse 
generator  supplying  an  unsynchronized  pulse  of  opposite  polarity  which 
restores  the  magnetization  of  the  specimen  to  its  original  state  at 
some  later  time. 


3.7  Estimated  Operating  Limits 

We  shall  now  attempt  to  estimate  some  limits  on  the  minimum 
exposure  time  at  which  the  system  can  be  operated.  To  do  this  we 
need  to  know  the  surface  brightness  of  the  light  source,  the  solid 
angle  which  the  optical  system  subtends  with  respect  to  an  elemental 
source  area,  the  transmission  factor  of  the  optical  system  (in¬ 
cluding  the  magneto-optic  transmission  factor),  the  ratio  of  a  dif¬ 
ferential  area  of  the  photographic  image  to  a  differential  source 
area,  and  the  speed  of  the  photographic  film.  For  this  estimate,  we 
shall  make  use  of  the  results  of  subsequent  chapters  as  well  as  those 
of  Chapter  II.  The  reader  is  requested  to  bear  with  the  writer  in  this 
advance  use  of  results. 

In  Chapter  IV  we  will  point  out  that  for  maximum  illumination  of 
the  specimen,  the  source  should  be  imaged  on  the  specimen.  This 
means  that  the  light  per  unit  area  on  the  specimen  is 


dA 


lZ  * 


(III-2) 


where 


B  =  surface  brightness  of  source  in  candles/ na 
n  =  effective  source  solid  angle  in  steradians 
dAj=  elemental  source  area 
dA?  =  elemental  specimen  area  corresponding  to 
dA, 

I-  =  lumens/  m  on  specimen 
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If  all  light  reflected  from  the  specimen  arrives  at  the  photographic 
film,  then 


dA2 

X3  =  =  I2M2A  (III -3) 

where  dA^  =  elemental  film  area  corresponding  to  dA2 
M2^  =  area  magnification  (see  Section  4) 

*2  =  lumens/ m2  on  photographic  film. 


dA 

Now  ^ —  is  the  area  magnification  of  the  specimen  image  on  the 

dA 

photographic  film,  while  is  the  area  magnification  of  the  source 


image  of  the  specimen  multiplied  by  the  cosine  of  the  angle  between 
the  specimen  normal  and  the  optic  axis.  Formulas  for  computing 
these  are  given  in  Chapter  IV;  If  we  know  the  photographic  film 
speed,  the  minimum  exposure  time  required  is  simply 


'  =  (IU-4) 

where  t  =  minimum  exposure  time  in  sec. 

S  =  ASA  film  speed  rating  in  meter2/ lumen  sec. 

Thus  far,  we  have  assumed  no  transmission  losses.  If  we  represent 
the  overall  system  transmission  factor  as  Tq,  then  from  the  pre¬ 
ceding  equations  we  have 

t  -  M_2A  /dA2  ^ 

<m-5> 

As  was  stated  in  Section  3.3,  the  FX-12  flash  lamp  can  be  operated  at 
a  peak  surface  brightness  of  4  x  10"  candles/ meter.  Analysis  of  the 
optical  system  indicates  that  the  effective  solid  angle  of  the  source 
will  probably  be  between  0.11  and  0.24  steradians.  The  system  value 
for  dA3  is  32.  Ordinarily  we  prefer  to  operate  with  the  value  of 

dA- 

no  greater  than  unity, which  means  the  photographic  image  of 

2 
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the  same  physical  size  as  the  specimen.  Experimental  tests  show 

dA 

that  we  can  decrease  3  to  167  and  still  make  out  large  domain 

3*2 

configurations,  although  the  resolution  decreases  because  of  film 
grain. 

The  optical  transmission  factor  is  the  result  of  the  reflection 
losses  from  the  lens  elements  and  the  Kerr  cell,  the  transmission 
loss  in  the  Kerr  cell  due  to  the  nitrobenzene  spectral  cutoff,  the 
tj  transmission  of  the  Glan-Thompson  prism  following  the  Kerr 
cell,  and  the  State  II  transmission  discussed  in  Chapter  II.  The 
lenses  used  in  this  system  are  all  high-quality  coated  lenses. 

Their  reflection  losses  should  vary  somewhere  between  2  per 
cent  and  5  per  cent,  for  each  lens  element.  All  lenses  shown  in 
Fig.  3-2  in  the  optical  path  from  the  flash  source  to  the  photo¬ 
graphic  film  are  compound  lens  assemblies,  each  having  three 
lens  elements.  If  we  regard  the  Kerr  cell  reflection  loss  as  being 
about  the  same  as  the  lens  element  losses,  then  we  have  ten  such 
losses  in  the  system.  Assuming  the  losses  to  be  identical  for 
each  element  and  denoting  each  loss  as  r,  the  total  contribution 
to  the  system  optical  transmission  factor  is 

TL  =  (l-r)10  (III -6) 

The  transmission  factor  for  spectral  limitation  was  denoted  as  F 
in  Eq.  (II-32b);  experimentally,  the  writer  has  determined  its  value 
as  approximately  0.85. 

We  shall  write  the  product  of  the  magneto-optic  transmission 
factor  (determined  in  Chapter  II)  and  that  of  the  third  Glan-Thompson 
prism  as  2 

Tm  ■  1/2*l‘"!WT2n 

prism  transmission  factor 

squared  average  value  of  Kerr  amplitude 
reflection  coefficient 


where  t 


1 


'  km 


96. 


T 2n  =  normalized  magneto -optic  transmission  factor. 

Our  estimate  shall  be  made  for  two  cases,  that  of  an  uncoated 
specimen  and  that  of  an  optimally  dielectric  coated  specimen  as 
determined  in  Chapter  II.  We  shall  assume  that  operation  is  at 
a  contrast  ratio  value  of  two,  at  which  value  for  any  specimen  with 

2  2 

a  usable  Rg  value  will  have  a  T£n  transmission  factor  of 

about  45  (see  Fig.  2-15).  Tq  is  the  product  of  all  transmission 
factors  and  is 

T0  =  1/2(1  -  r)10Ftl6T;mT2n  HU-8) 


The  speed  at  which  we  can  use  the  emulsions  discussed  in 
Section  3.5  is  in  question.  It  may  well  be  that  thij^can  be  used  at 
an  ASA  rating  of  5000.  The  work  of  Castle  et  al.  shows  that  the 
rating  of  the  film  might  be  reduced  by  a  factor  of  2  or  3  at  short 
exposure  durations  due  to  reciprocity-law  failure.  We  shall  as¬ 
sume,  therefore,  in  our  estimates  that  the  film  rating  is  some¬ 
where  between  1000  and  5000. 

Values  for  the  various  factors  and  the  resultant  evaluation 
of  exposure  time  from  Eq.  (II -4)  are  summarized  in  Table  III. 

If  we  desire  to  use  a  lOm/jsec  exposure  duration,  we  see  that 
at  unity  area  magnification  (^A^’  we  are  very  unlikely  to  get  re¬ 
sults  with  an  uncoated  specimen  and  possibly  not  with  an 
optimally  coated  specimen  either.  With  an  area  magnification 
of  0.162,  we  have  a  fair  chance  of  getting  a  photograph  of  an 
uncoated  specimen  and  an  excellent  chance  of  getting  a  photograph 
of  an  optimally  coated  specimen. 
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CHAPTER  IV 
OPTICAL  APPARATUS 

Optical  systems  for  viewing  the  longitudinal  Kerr  magneto-optic  effect 

12  3 

are  described  in  a  number  of  references.  '  ’  Most  of  these  consist  of  a 
collimated  source  of  light  which  is  polarized,  reflected  from  the  specimen, 
passed  through  an  analyzer,  and  imaged  on  a  photographic  film  by  a  lens  which 
may  be  placed  either  before  or  after  the  analyzer.  The  angle  of  incidence  is 
usually  60°,  this  angle  being  selected  because  the  data  and  theory  indicate  that 
the  Kerr  rotation  (*  of  Chapter  II)  maximizes  in  the  vicinity  of  this  angle. 

XV 

The  plane  of  the  photographic  film  is  usually  shown  tilted  with  respect  to  the 
optic  axis,  but  the  angle  is  not  specified. 

This  chapter  will  present  the  requirements  of  an  optical  system  tailored 
to  our  specific  project,  some  of  the  major  problems  encountered,  and  analysis 
whose  results  can  be  used  to  minimize  the  inherent  distortion  in  the  system,  and 
a  discussion  of  the  specific  optical  system  which  was  finally  used.  Some  minor 
items  which  facilitate  the  operation  of  the  system  will  also  be  mentioned. 

4.  1  Requirements  of  Optical  System 

Ideally,  we  would  like  a  system  operating  with  collimated  light,  having  no 
light  losses,  and  focusing  a  non-distorted  image  of  as  large  a  size  as  possible  on 
the  photographic  film.  None  of  these  qualifications  can  actually  be  realized. 
Highly  collimated  light  from  physical  sources  inherently  results  in  low  light 
intensity.  The  aperture  at  best  is  limited  by  the  size  of  the  specimen.  A 
large  image  reduces  the  energy  per  unit  area  on  the  photographic  film,  and 
some  distortion  is  inherent  except  under  special  conditions  because  the  specimen 
plane  is  not  perpendicular  to  optic  axis. 

Let  us  define  the  cone  angle  of  light  in  the  following  manner.  If  a  piece 
of  black  paper  containing  a  pinhole  intercepts  the  path  of  the  light  normal 
to  the  direction  of  propagation,  the  light  emerging  from  the  pinhole  will  be 
divergent,  having  a  conical  shape  of  some  sort.  The  solid  angle  of  this  divergent 
light  is  the  cone  angle  of  the  light  at  the  pinhole . 
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It  is  apparent  from  the  above  definition  that  we  can  have  zero  cone 

angle  only  for  a  point  source.  Such  a  source  is  nonexistent  in  the  physical 

world.  For  any  given  source  the  cone  angle  at  any  point  is  simply  the  solid 

angle  subtended  by  the  source  at  the  point.  If  we  have  such  a  source  sending  light 

into  an  optical  system  we  can  find  the  cone  angle  at  any  point  in  the  optical 

system  in  the  following  manner.  We  determine  the  location  and  size  of  the 

image  of  the  source  as  seen  from  the  point  under  consideration.  The  cone 

angle  is  then  that  solid  angle  which  is  subtended  by  the  visible  portion  of 

the  source.  We  emphasize  the  word  "visible"  since  part  of  this  image  may 

be  obscured  because  of  aperture  limitations. 

We  now  wish  to  define  two  other  terms  commonly  used  in  photometry. 

Illuminance  is  the  total  flux  per  unit  area  incident  on  a  surface.  Brightness 

is  the  total  flux  per  unit  projected  area  per  unit  solid  angle  emitted  from  or 

incident  upon  a  given  surface,  provided  that  the  surface  has  the  properties 

4 

of  a  Lambert  radiator.  By  projected  area,  we  mean  the  projection  of  the 

surfacearea  onto  a  plane  normal  to  the  direction  of  light  propagation.  Thus 

a  source  with  a  surface  brightness  of  one  candle  per  unit  area  will  emit 

one  lumen  per  unit  projected  area  per  unit  solid  angle.  Our  definition  of 

5 

brightness  is  slightly  different  from  that  found  in  the  optical  texts,  but  the 
writer  believes  it  to  be  more  concise.  The  fact  that  the  apparent  area  of 
the  surface  as  seen  by  an  observer  is  the  projected  area  gives  rise  to  the 
so-called  cosine  distribution  of  flux  emitted  from  a  Lambert  surface  source. 

We  shall  show  in  Section  4.  5  that  at  any  point  in  an  optical  system, 
neglecting  reflection  and  transmission  losses,  the  brightness, (as  we  have 
defined  it)  is  equal  to  the  brightness  of  the  source.  The  projected  area 
dAp  of  a  differential  specimen  area  dAg  is  approximately 

dA  =  dA  cos  0  (IV- 1) 

P  s 


where 


9  =  angle  of  incidence 
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provided  that  the  incoming  light  rays  are  within  a  few  degrees  of  being 
parallel.  From  the  definitions  and  discussion  above  we  see  that  the 
illuminance  I  and  the  brightness  B  are  related  by 

I  =  BA,  cos  0  (IV-2) 

Hence  we  see  that  for  a  given  surface  brightness  and  for  a  given  angle 
of  incidence 


— =  constant  (IV- 3) 

rte 

What  we  wish  to  point  out  here  is  that  when  one  tries  to  collimate  with 
a  given  source,  the  resulting  illumination  is  specified  only  by  the  surface 
brightness  of  the  source  and  the  cone  angle  desired.  Introduction  of  ad¬ 
ditional  lenses  only  serves  to  lower  this  illumination  through  reflection 
losses  and  aperture  restrictions. 

At  a  later  point  in  this  chapter,  we  will  show  (1)  that  certain  restric¬ 
tions  on  aperture  and  physical  location  of  optical  elements  limit  the  maximum 
value  of  collimation  angle  and  (2)  that  if  we  try  to  maximize  the  total  light 
passing  through  the  system  the  light  falling  on  a  differential  area  of  the 
specimen  will  have  a  solid  angle  of  about  0.01  steradian.  This  will  be 
referred  to  as  quasi-collimated  light  since  the  light  rays  are  close  to  being 
parallel,  and  we  will  continue  to  use  Eq.  (IV-2)  as  a  basis  in  our  design 
discussion.  These  were  the  reasons,  then,  for  the  choice  of  the  FX-12 
flash  lamp  --  small  size  and  higher  surface  brightness  than  other  available 
xenon  flash  tubes. 

A  second  consideration  of  the  system  is  that  the  light  aperture  should 
be  kept  as  large  as  possible.  However,  the  choice  of  specimen  size  im¬ 
mediately  begins  to  impose  aperture  limits.  The  specimens  range  up  to 
one  centimeter  in  diameter  and,  since  they  behave  as  a  specular  reflecting 
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surface,  act  as  an  aperture  stop  part  way  through  the  system. 

Since  we  plan  to  use  quasi-collimated  light,  it  should  be  possible  to 
design  the  system  so  that  any  increase  in  cross-sectional  area  of  the 
prisms  beyond  a  certain  point  would  be  useless.  (This  must  be  kept  in 
mind,  because  the  price  of  a  Glan-Thompson  prism  is  roughly  propor¬ 
tional  to  its  volume. )  The  prisms  used  have  a  working  cross-sectional 
area  of  about  16  mm.  by  17  mm.  This  size  causes  some  aperture 
limitation;  further  discussion  of  this  can  be  found  in  Section  4.6. 

An  obvious  requirement  of  the  apparatus  is  that  the  resulting  photo¬ 
graphs  be  well  focused  and  as  free  from  distortion  as  possible.  If  the 
optic  axis  was  normal  to  the  specimen  surface,  this  requirement  would 
present  no  problem  --  one  would  simply  use  high  quality  lenses  and 
exercise  care  in  focusing  the  photographic  image  on  the  film.  However, 
in  this  apparatus  the  optic  axis  makes  an  angle  of  60°  with  the  normal 
to  the  specimen.  We  shall  show  that  this  introduces  image  distortion 
which  can  be  minimized  by  proper  optical  design. 

4. 2  Initial  Optical  Experimentation 

Some  initial  experiments  were  conducted  in  order  to  try  to  get  some 
well-defined  static  photographs  of  the  magnetic  configuration  of  ferro¬ 
magnetic  films  and  to  determine  some  of  the  effects  of  the  optical  components 
being  used.  The  light  source  for  this  work  was  a  150-watt  Sylvania 
zirconium  arc  lamp  followed  by  a  38  mm  Hastings  triplet  lens.  For  photo¬ 
graphing  the  images,  a  4  x  5  Busch  Pressman  camera  was  modified  so 
that  the  photographic  film  would  be  tilted  60°  from  its  normal  position  in 
the  camera.  A  small  telescope  was  made  and  installed  along  with  a  re¬ 
movable  diverting  prism  to  allow  changing  the  optical  path  from  the 
camera  to  the  telescope.  For  all  optical  setups  tried,  visual  observation 
through  the  telescope  looked  quite  good, .  Definition  of  domains  was  ex¬ 
cellent,  particularly  for  some  specimens  which  were  coated  with  silicon 
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monoxide  layers  (thickness  not  known). 

The  visual  observations  showed  that  commercial  achromatic  lenses 
are  sufficiently  strain-free  so  as  to  introduce  no  birefringence  problems 
if  placed  before  the  analyzer.  Numerous  arrangements  of  optical  elements 
were  tried  in  efforts  to  obtain  well-focused  photographs  of  the  magnetic 
configuration  of  the  specimen.  All  such  photographs  showed  poor  focusing. 

The  variation  of  index  of  refraction  of  the  Glan-Thompson  prisms 
was  suspected  to  be  causing  an  achromatic  aberration  of  the  image. 
Following  a  suggestion  by  Hardy^,  the  following  lens  setup  was  tried. 

A  lens  of  100  mm  focal  length  was  placed  so  that  the  center  point  of  the 
specimen  coincided  with  the  focal  point  of  this  lens.  The  camera,  which 
had  a  lens  of  17  5  mm  focal  length,  was  focused  at  infinity.  Under  these 
conditions  the  specimen  is  imaged  by  the  first  lens  at  infinity,  and  there¬ 
fore  the  length  of  the  prism  is  only  a  negligible  portion  of  the  effective 
optical  path  seen  by  the  camera  lens.  The  linear  magnification  of  the 
image  for  this  arrangement  (to  a  first  approximation)  is  the  ratio  of  the 
focal  lengths  of  the  two  lenses,  in  this  case  1.75. 

Some  improvements  were  noted  with  this  arrangement.  The  center 
of  the  specimen  image  could  be  well  focused,  but  the  edges  were  badly 
blurred.  The  appearance  of  the  photographs  indicated  that  the  photographic 
film  did  not  coincide  in  space  with  the  specimen  image.  Since  the  optical 
system  has  a  fairly  wide  aperture  and  therefore  little  depth  of  field,  such 
coincidence  is  necessary  for  good  focusing. 

These  results  indicated  that  a  complete  analysis  of  a  lens  system 
with  a  tilted  object  was  in  order,  since  no  such  analysis  could  be  found 
in  the  standard  references.  The  ensuing  sections  deal  with  single  lens 
and  two-lens  systems  (single  lens  and  two-lens  referring  simply  to  the 
number  of  lenses  between  the  specimen  and  the  photographic  film). 
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4.  3  Single  Lens  Analysis 

Initially,  we  wish  to  show  that  if  a  plane  object  is  imaged  by  a  simple 
lens  or  a  series  of  simple  lenses  the  image  is  also  a  plane.  Consider  the 
simple  lens  and  plane  object  (viewed  edgewise)  shown  in  Fig.  4-1.  The 
lines  Oj  and  (shown  as  points  since  we  are  looking  at  them  end  on)  in 
the  object  are  imaged  respectively  as  lines  02  and  A2  in  the  image. 
From  simple  lens  theory  and  obvious  geometry  we  have 

1  _ 1_  J_ 

kjF  +  k2F  =  F 


kjF+fcjSinOj  +  k2F  ‘  x2 

^  .  k2F  ~  X2 
yl  ~ 


F 


tan  02 


where 


klF 

k2F 

^1 


focal  length  of  lens 
object  distance  on  optic  axis 
image  distance  on  optic  axis 
distance  between  lines  and  A^ 


From  Eq.  (IV- 5)  we  get 


(IV- 5) 

(IV-6) 

(IV-7) 

(IV-8) 


(IV-9) 
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Substituting  Eq.  (IV-9)  into  Eq.  (IV-6)  and  solving  for  x_  yields 

FSL  sin  9 

X  —  — ■  . -  1 

2  -  1)  [  (kj  -  1)  F  sin  0J  (IV-10) 


Substituting  Eq.  (IV-10)  into  Eq.  (IV-7)  and  solving  for  y  yields 

£>1  cos  01  F 

y2  "  (kj  -  1)  F  +  £j  sin  0j  (IV- 1 1 ) 


Using  these  relations  with  Eq.  (IV-8),  we  get 


tan  02 


tan  0^ 

(kj  -  1) 


(IV  - 12) 


Eq.  (IV- 12)  is  dependent  only  upon  kj  and  0^  hence,  we  see  that  the 
image  of  a  plane  object  is  indeed  a  plane  in  the  case  of  a  single  lens. 

If  now  a  second  lens  is  placed  after  the  first  lens,  the  plane  image  in  the 
present  case  is  a  plane  object  for  the  second  lens  and  the  process  repeats 
itself. 

The  area  magnification  can  be  easily  computed  by  considering  the 
ratio  of  a  differential  area  dA^  on  the  image  to  the  corresponding 
differential  area  dA1  on  the  object 


M 


1A 


(IV- 13) 


(IV- 14) 


where  z  ^  and  z2  are  perpendicular  to  the  plane  of  Fig.  4-1. 

We  see  from  an  examination  of  the  figure  and  from  consideration  of 
Eq.  (IV- 11)  that 
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Z2  =  Z1 


- 5 - 

(kj  -  D+f  -  sin02 


and  also  from  {IV- 11)  that 


cos  0 


1 


1 


C0S  9 2  1  (kj  -  1)  +-|-  sinGj 


(IV- 15) 


(IV-16) 


Differentiating  these  two  equations  and  substituting  the  results 
into  Eq.  (IV- 14)  yields 


M 


1A 


COS  0J 
cos  e2 


(kj  -  1) 

[(kj  -  1)  +  -|-  sin  Gj]3 


(IV- 17) 


We  reiterate  that  Mj »  is  the  magnification  of  a  differential  area  on  the 
object  and  should  not  be  confused  with  the  overall  magnification  of  the 
object.  From  Eqs.  (IV- 15)  and  (IV-16),  we  see  that  (contrary  to  state¬ 
ments  in  the  literature2)  the  A -magnification  differs  from  the  z -magnification 
cos  0j 

by  a  factor  - —  and  that  both  suffer  some  distortion  from  the  presence 

J  COS  0-  e 

fl,  1 

of  the  sin  0.  term.  An  illustration  of  this  distortion  is  given  in  Fig.  4-2. 
r  1 

4.  4  Two-Lens  Analysis 

Now  consider  the  two-lens  system  shown  in  Fig.  4-3.  We  wish  to 
find  k2',  03,  and  MA  in  terms  of  the  parameters  F^,  F2#  d,  kj,  0j, 
and  .  By  setting  up  the  dimensions  as  shown  in  the  figure,  we  can 
disregard  the  fact  that  the  two  principal  planes  of  a  given  lens  do  not 
necessarily  coincide. 

From  our  previous  results  and  from  Fig.  4-3  we  can  immediately 
write  the  following  relations 
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k2F2+kiFl  =  d 


tan  0 


tan  0 


1 


2  kj  -  1 


tan  0 


tan  02 
3  =  k2  -  1 


Z2  =  Z1 


1 


(k2  -  1)  +  -pf  sin  02 


z„  =  z_ 
3  2 


1 


(k2  -  1)  +  ~p  sin  e2 

2 


cos  0. 

8.  =  1 


2  1  cos  0 


1 


2  (kj  -  1)  +  ~  sin  0j 


cos  0_ 

i  =  l  2 


1 


3  2  C0®  ®3  (k2  -  1)  +  J*  sin  02 


where 

Fj  =  focal  length  of  lens  1 
F2  =  focal  length  of  lens  2 
kjFj  =  object  distance  on  optic  axis  for  lens  1 


(IV-18a) 

(IV- 18b) 

(IV-19) 

(IV-20a) 

(IV-20b) 

(IV-2  la) 

(IV-21b) 

(IV-22a) 

(IV-22b) 
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k2F2  =  object  distance  on  optic  axis  for  lens  2 

kj'Fj  =  image  distance  on  optic  axis  for  lens  1 

k2'F2  =  image  distance  on  optic  axis  for  lens  2 

d  =  distance  between  principal  planes  of  lens  1  and  lens  2 


Solution  of  Eqs.  (IV-18a),  (IV-20b),  and  (IV- 19)  yields 


1  -  (kj  -  l)[D  +  ^r] 
1  -  (k2  -  1)  D 


(IV-23) 


where 


D  = 


d  -  F  -  F 
1  2 


Solving  for  6^  we  find  that 


03  =  tan 


F~  tan0i 
-11 


(kx  -  1)  D  -  1 


For  z3  and  9. 3  we  find  that 


I_2 

F1  ^ 


D C k i  -  1  +  -^  sinGj]  -1 


F2  C0S91  0 
F1  cos  9  3  ' 

3  D[ kj  -  1  +  -|f-  sin  0j]  -1 


(IV -2  3a) 


(IV-24) 


(IV-25) 


(IV-26) 
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As  before,  the  area  magnification  can  be  defined  as 


M2A  dlj  dZj 


(IV-27) 


Differentiating  Eqs.  (IV-25)  and  (IV-26)  and  substituting  the  results  into 
Eq.  (IV-27) 


M 


2A 


■ft)' 


cos  9 


1 


D(k2  -  1) 


■1 


cos  0 


3  [D  (k 


1 


1  +  &  sin  Gj)  -1]  3 


(IV-28) 


For  the  more  conventional  case  treated  in  ordinary  optics  texts,  in  which 
9j  =  0,  we  see  that  the  linear  and  area  magnifications  are  uniform,  being 


(IV-29) 


(IV-30) 


In  the  case  of  the  tilted  image,  this  is  not  true;  as  in  the  single  lens 

case  the  k- magnification  differs  from  the  z-magnification  by  the  factor 
cos  0X  £ 

coVo*  ‘  anc*  *maSe  *s  distorted  because  of  the  presence  of  the  sin  9^ 

term.  The  distortion  in  this  instance,  however,  can  be  reduced  if  the 
magnitude  of  D  is  kept  small  or  can  be  made  zero;  hence,  D  is  denoted 
as  the  distortion  parameter. 


For  our  purposes,  the  two-lens  case  is  completely  specified  by 
Eqs.  (IV-23),  (IV-23a),  (IV-24),  and  (IV-28).  Of  these,  Eq.  (IV-23)  is 
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not  too  interesting,  since  it  merely  indicates  the  location  of  the  image 
along  the  optic  axis,  and  this  can  be  found  approximately  by  focusing  on 
a  ground  glass  plate  or,  more  accurately,  by  taking  a  series  of  test  photo¬ 
graphs  with  the  film  at  various  positions  along  the  optic  axis.  The  other 
equations  mentioned  are  far  more  interesting  since  they  indicate  the  source 
of  the  focusing  and  distortion  problems. 

The  area  magnification,  Eq.  (IV-28),  concerns  us  not  only  because 
it  is  the  source  of  image  distortion  as  shown  in  Fig.  4-2,  but  also  be¬ 
cause  the  image  intensity  (for  a  uniformly  illuminated  magnetically 
saturated  specimen)  is  proportional  to  the  inverse  of  this  magnification. 

The  initial  reason  for  operating  at  a  value  of  equal  to  unity  was  to 
avoid  chromatic  aberration;  we  find  in  actual  operation  that  there  is  not 
very  much  choice  in  the  matter.  The  image  intensity  varies  as 

[Dfkj  -  1  einSj)  -l]3 

over  the  image  surface.  We  see  that  the  variation  can  be  minimized  by 
(1)  minimizing  the  magnitude  of  D,  (2)  making  as  large  as  possible, 
or  (3)  making  kj  as  large  as  possible. 

If  we  examine  Eq.  (IV -2  3a),  we  see  that  D  is  zero  when 

d  =  F2  +  F2  (IV-  31 

Because  of  the  prisms  and  the  electro-optical  shutter  which  must  be  be¬ 
tween  the  two  lenses,  the  minimum  value  of  d  is  about  425  mm.  If,  for 
the  condition  of  Eq.  (IV- 31),  F^  =  giving  unity  area  magnification, 
then  Fj  =212  mm.  If  Fj  =  2F2,  giving  an  area  magnification  of  about 
0. 167,  then  Fj  =  284  mm.  An  aperture  study  of  both  cases  indicates 
that  the  stop  aperture  will  be  severely  limited  for  the  cross-sectional 
area  of  the  prisms  and  shutter  being  used. 
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A  study  of  the  aperture  of  the  system  including  the  initial  polarizer 
indicates  that  the  best  aperture  is  obtained  when  (see  Section  4.  5) 


and 


Fj  *  100  mm 


1.0  £  kj  <  1.4 


This,  combined  with  the  minimization  of  chromatic  aberration 

when  kj  =1,  leads  to  the  choice  of  that  value  for  k  . 

Eq.  (IV-29)  is  plotted  in  Fig.  4-4  for  k^  =  1  with  D  as  a  parameter. 

In  this  figure  M,  .  is  normalized  to  its  value  at  2..  =0.  Note  that  the 
2A  2  1 

abscissa  is  the  magnitude  of  -=r  ;  curves  in  the  upper  half  of  the  figure 

F1 


are  for  positive  values  of  2^,  while  those  in  the  lower  half  are  for  nega 
tive  values  of  .  For  the  values 


d  =  425  mm 
Fj  =  100  mm 
F2  =  100  mm 

we  find  that 


D  =  2.25 

m2A  (Ij  =0)  -  1 


From  Fig.  4-4,  we  find  that  for  a  specimen  one  centimeter  in  diameter 
the  area  magnification  over  the  surface  varies  from  0.78  to  1. 32.  This 
amount  of  variation  is  more  than  we  would  desire  but  still  tolerable.  An 
earlier  lens  setup  (the  results  of  which  led  to  the  analysis  of  the  area 
magnification)  used  focal  lengths  of  50  mm  for  supposed  unity  magnification. 
This  resulted  in  a  value  of  D  of  6.  5  and  a  variation  of  from  approxi- 
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mately  0.27  to  9.0  over  a  one  centimeter  specimen.  Such  a  variation 
was  immediately  apparent  in  the  photographic  results,  both  as  image 
distortion  and  as  intensity  variation.  A  photograph  of  a  specimen  of 
0.  5  cm  diameter  taken  under  these  conditions  is  shown  in  Fig.  4-5. 

When  observed  visually,  the  domains  are  approximately  parallel. 

Examination  of  Eq.  (IV-29)  indicates  that  the  variation  of  0^  was 
the  major  cause  of  earlier  focusing  problems.  There  seems  to  be  a 
tacit  assumption  in  the  literature  that  0^  =  01  (°r  that  = 
single  lens  case),  and  the  initial  work  was  based  on  this  assumption. 

That  this  is  not  true  is  apparent  from  Fig.  4-6.  Here,  0^  is  plotted 
as  a  function  of  kj  for  four  combinations  of  Fj  and  F^  and  for 
=  60°.  We  note  that  in  the  vicinity  of  kj  =  1,  the  variation  of  0^ 
is  close  to  its  maximum,  a  fact  which  was  not  realized  in  the  initial 
work.  With  the  first  two-lens  system  used,  corresponding  to  curve  II 
in  Fig.  4-5,  0^  is  60°  when  k^  is  unity.  However,  if  kJ  is  1.  1 
(corresponding  to  an  error  of  5  mm),  0^  is  about  72°.  With  a  wide 
aperture  and  little  depth  of  field,  it  is  impossible  to  obtain  a  well-focused 
photograph  if  the  photographic  film  surface  angle  is  in  error  by  as  much 
as  10°. 

To  verify  this  behavior,  lenses  of  focal  length  F^  =  100  mm  and 
F^  =  50  mm  were  installed  in  the  apparatus.  Beforehand,  the  principal 
planes  of  the  100  mm  lens  were  accurately  located  so  that  k^  could  be 
set  to  unity.  To  allow  variation  of  the  angle  of  the  photographic  film,  a 
modified  Graflex  Graphic  II  view  camera  was  installed  in  the  apparatus. 
These  modifications  were  as  follows: 

1.  The  camera  backing  was  modified  to  allow  the  photographic  film 
film  to  be  tilted  by  as  much  as  70°  from  its  normal  position. 

2.  A  shorter  bellows  was  made  and  installed  because  the  original 
bellows  was  too  bulky. 

3.  A  large  aperture  shutter  was  installed. 
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FIG.  4-5  SPECIMEN  PHOTOGRAPH  SHOWING  AREA 
DISTORTION  AND  INTENSITY  VARIATION 
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4.  Provision  was  made  for  mounting  short  focal  length  lenses 
inside  the  camera. 

5,  A  dial  indicator  was  mounted  on  the  camera  to  accurately 
measure  the  position  of  the  photographic  film  along  the 
optic  axis. 

When  the  system  was  adjusted  according  to  the  equations  which  we 
have  just  discussed,  the  resulting  photographs  were  reasonably  well 
focused.  Some  focusing  variation  was  still  noticed  and  was  traced  to 
buckling  of  the  film  in  the  film  holders.  To  remedy  this,  special  film 
holders  were  made  by  cementing  stainless  steel  strips  onto  glass  plates. 
These  plates  were  then  used  in  ordinary  photographic  plate  holders.  A 
second  technique  was  to  modify  a  roll  film  holder  so  that  the  film  surface 
in  it  could  be  held  to  close  tolerance.  Although  this  roll  film  holder  was 
designed  to  accommodate  size  120  roll  film  (the  only  roll  film  available 
with  Royal-X  Pan  emulsion),  it  was  easily  adapted  for  the  35  mm 
Double-X  Cine  film  by  making  special  spools  to  hold  35  mm  film. 


4.  5  Brightness 


Consider  two  differential  areas  dA^  and  dA^  separated  by  a  distance 
r  as  shown  in  Fig.  4-7.  The  normals  to  these  surfaces  make  angles  9^ 
and  02  with  the  line  connecting  the  areas.  Then  the  total  flux  falling  on 

dA2  is 


F 


2 


Bj  cos  0j 


dA2  cos  02 

2 

r 


■1 


(IV -32) 


where  Bj  =  surface  brightness  at  dA^. 

Remembering  that  we  are  defining  brightness  as  the  flux  per  unit 
projected  area  per  unit  solid  angle  ,  we  can  write  the  brightness  of 
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dA^  as 


B,  = 


dA2  cos  ®2 


dAj  cos  0 


(IV- 33) 


Upon  comparing  Eqs.  (IV- 32)  and  (IV- 33),  it  is  immediately  apparent 
that 


’1 


B. 


(IV -34) 


If  we  have  lossless  lenses  present,  Eq.  (IV- 34)  is  still  true.  That 
this  is  so  is  apparent  when  we  remember  that  the  brightness  of  the  image 
formed  by  a  lens  system  is  equal  to  the  brightness  of  the  object  under 
consideration7.  In  any  such  lens  system,  the  source  for  the  light  arriving 
at  any  given  point  in  the  system  can  be  regarded  as  the  image  of  the 
source  seen  from  that  given  point.  Hence  we  can  make  the  statement 
that  for  a  differential  source  of  brightness  B^,  the  brightness  at  every 
point  in  the  system  is  .  This  statement  holds  for  all  points  of  the 
system,  even  those  points  where  there  is  no  light  flux. 

This  may  seem  odd,  that  there  can  be  brightness  when  there  is  no 
light  flux,  but  in  a  formal  sense  it  is  quite  true.  Suppose  we  slowly  pass 
a  shutter  in  front  of  dA1  in  Fig.  4-7.  Examining  Eqs.  (IV- 32)  and 
(IV- 33),  we  see  that  the  numerator  and  denominator  of  Eq.  (IV- 33)  go 
to  zero  at  the  same  rate,  and  hence  B2  remains  constant,  even  when 
flux  from  dAj  is  completely  blocked  from  dA^. 

The  differential  illuminance  on  dA^  is 


dE2  = 


Bx  (dA2  cos  02)  (dH2) 
dAl 


=  BlCOs02dn2 


(IV- 35) 
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where  dfl2  is  the  solid  angle  subtended  by  dAj. 

The  illuminance  at  dA^  is  obtained  by  integrating  over  the  solid  angle 
subtended  by  Aj' 


E.  =  [  B,  cos  8  d H,  (IV-36) 

2  j  1  2  2 

where  A^1  is  the  source  image  as  seen  from  dA2. 

One  must  remember,  however,  in  dealing  with  A^'  that  all 
aperture  limitations  must  be  observed.  Figure  4-8  shows  a  source  S 
focused  by  a  lens  F  into  an  image  S'.  At  first  one  might  imagine  that 
the  image  S'  could  be  "seen"  from  point  P,  but  this  . is  not  the  case.  To 
be  able  to  see  any  point  in  an  image  of  this  sort,  the  line  connecting  the 
point  P  and  the  image  point  under  consideration  must  not  intersect  any 
of  the  aperture  stops  between  the  image  and  the  source.  Note  that 
Eq.  (IV-36)  is  perfectly  general,  applying  to  a  surface  emitter  of  any 
size  and  shape,  having  uniform  or  non-uniform  brightness.  This  equation 
is  quite  useful  in  practice,  since  it  provides  a  relatively  simple  means  for 
determining  the  illuminance  at  any  point  in  a  lossless  lens  system.  For 
our  purposes,  we  shall  make  two  assumptions:  first,  that  the  brightness 
Bj  is  constant  over  the  source  and  second  that  0^  is  approximately  con¬ 
stant.  This  latter  assumption  automatically  restricts  Cl  ^  to  a  relatively 
small  solid  angle.  Equation  (IV-36)  can  now  be  rewritten  as 

E2  =  Bj  cos  02n2  (IV -37) 

This  equation  is  proof  of  the  statement  made  in  Chapter  III:  that,  for  a 
given  source  brightness,  specifying  the  divergence  angle  of  the  light  at 
a  given  point  automatically  specifies  the  illuminance. 
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4. 6  Aperture  and  Field  of  View 

It  would  be  desirable  to  have  an  optical  system  in  which  the  aperture 
and  field  of  view  were  limited  only  by  the  source  and  specimen  size.  This 
is  impossible  because  of  the  presence  of  the  polarizers  and  Kerr  cell  and 
because  there  are  limits  on  the  aperture  ratings  of  lenses.  In  the  design 
computation  for  the  lens  requirements,  impossible  lens  specifications 
arose  time  and  again.  For  example,  a  lens  with  a  rating  of  f/0.065 
is  a  physical  impossibility.  The  input  aperture  and  field  of  view  of  the 
system  shown  in  Fig.  4-9  were  analyzed  for  a  number  of  values  of  object 
lens  focal  length  F^.  For  simplicity,  the  specimen  was  assumed  to  be 
perpendicular  to  the  optic  axis;  this  approximation  has  negligible  effect 
on  the  analysis.  Since  the  analysis  was  done  graphically,  the  drawing 
was  done  as  if  light  were  passing  through  the  specimen  instead  of  being 
reflected  from  it. 

Consider  a  point  P  on  the  specimen.  If  the  light  passing  through 

this  point  has  a  small  cone  angle,  we  can  consider  its  direction  as  that 

of  the  ray  in  the  center  of  the  cone,  which  we  will  call  the  principal  ray. 

Now  consider  the  circle  in  the  specimen  plane  whose  center  is  the  optic 

axis  O  and  which  passes  through  P.  Let  the  plane  determined  by  OP 

and  the  principal  ray  be  called  the  radial  plane  and  that  determined  by 

the  tangent  to  the  circle  at  P  and  the  principal  ray  be  called  the 

tangential  plane.  The  angle  of  the  cone  of  light  in  the  radial  plane  is 

the  radial  angle  ,  while  that  in  the  tangential  plane  is  the  tangential 

angle  w..  As  the  distance  OP  is  increased  from  zero,  w  decreases 
t  r 

much  more  rapidly  than  u>t.  Hence  to  a  first  approximation,  we  can 
consider  that  the  cone  angle  of  light  passing  through  P  varies  as 

To  analyze  the  system  for  a  given  value  of  Fj,  the  image  (as  seen 
from  the  specimen)  of  all  optical  elements  to  the  right  of  the  object  lens 
were  constructed.  The  value  of  was  then  determined  graphically 
for  various  locations  of  P.  Although  light  rays  from  the  source  may 
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FIG.  4-9  APERTURE  ANALYSIS 
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arrive  at  P  over  a  wider  angle  than  w^,  only  those  lying  within  can 
reach  the  photographic  film. 

For  OP  =  0,  the  value  of  «r  was  7.  3°  for  focal  lengths  from  50  mm 
to  132  mm,  decreasing  at  larger  values  of  F^.  This  decrease  was  caused 
by  aperture  limitation  from  polarizer  3. 

Curves  of  w  as  a  function  of  OP  for  various  values  of  F,  are 
r  1 

shown  in  Fig.  4- 10a.  Note  the  breaks  in  the  curves  as  the  various 
apertures  take  effect.  From  Section  4.  5,  we  remember  that  the  illum¬ 
inance  is  proportional  to  the  cone  angle  and  hence  in  our  present 
approximation  to  If  we  denote  the  field  of  view  as  being  limited  by  the 

halfvalue  points  of  we  can  immediately  determine  the  field  of  view 
for  the  various  focal  lengths.  The  field  of  view  limits  are  shown  as 
circles  on  the  curves  of  Fig.  4- 10a.  As  we  increase  F^  from  50  to 
132  mm,  the  field  of  view  increases.  At  Fj  =  200  mm,  we  have  a  still 

wider  field  of  view,  but  the  maximum  value  of  u>  has  decreased.  For 

r 

the  best  photographic  results  we  would  like  to  have  as  large  a  field  of 
view  as  possible  and  to  have  u>r  remain  at  its  maximum  for  as  large  a 
value  of  OP  as  possible.  These  conditions  are  best  met  by  the  curve 
for  Fj  =  100  mm,  giving  a  field  of  view  of  about  6.  5  mm. 

The  primary  source  of  aperture  and  field  of  view  limitation  in  all 
cases  was  polarizer  3.  In  Fig.  4- 10b  are  plotted  aperture  curves  in 
which  this  prism  was  disregarded  in  the  analysis.  It  is  immediately 
apparent  that  use  of  a  larger  prism  would  yield  an  improvement  in  the 
field  of  view.  However,  a  prism  of  the  required  size  (30  mm  x  30  mm 
cross  section)  is  quite  expensive,  and  it  was  felt  that  such  an  expenditure 
was  not  warranted  at  the  present  stages  of  experimental  work. 
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(b)  WITHOUT  POLARIZER  3 


FIG.  4-10  VARIATION  OF  CU. 


CHAPTER  V 


TIE  ELECTRO-OPTICAL  SHUTTER 


The  nitrobenzene  electro-optical  shutter,  commonly  known  as  a 
Kerr  cell  shutter,  consists  of  a  nitrobenzene  cell  positioned  between 
two  crossed  polarizers.  The  nitrobenzene  cell  is  simply  a  container 
for  the  nitrobenzene,  with  transparent  faces  to  allow  the  passage  of 
light  through  the  cell  and  with  electrodes  immersed  in  the  nitrobenzene 
so  that  an  electric  field  can  be  applied  at  right  angles  to  the  optical 
path.  Briefly,  the  cell  operates  as  follows:  when  no  field  is  applied 
the  liquid  is  isotropic,  and  linearly  polarized  light  from  the  input  polar¬ 
izer  is  blocked  by  the  output  polarizer.  When  an  electric  field  is  applied, 
the  nitrobenzene  becomes  birefringent;  the  field  is  oriented  at  an  angle 
of  45°  to  the  linearly  polarized  light  passing  through  the  cell.  The  light 
can  then  be  regarded  as  two  vectors,  one  parallel  to  the  field  and  the 
other  perpendicular  to  the  field,  traveling  at  different  velocities  through 
the  liquid.  If  the  electric  field  is  such,  for  a  cell  of  given  length,  that 
the  phase  lag  between  the  two  vectors  is  180°  upon  emerging  from  the 
cell,  then  the  linearly  polarized  light  resulting  from  the  recombination 
of  these  vectors  makes  an  angle  of  90°  with  the  original  polarized  light 
and  hence  passes  through  the  second  polarizer.  (See  Appendix  B  for  a 
more  detailed  discussion. ) 

In  order  to  design  a  Kerr  cell  shutter,  we  must  know  something  of 
the  characteristics  of  nitrobenzene.  We  will  present  a  short  summary 
of  these  characteristics  followed  by  a  discussion  of  the  design  of  the  nitro¬ 
benzene  cell.  Finally  we  will  examine  the  design  of  the  high  voltage  pulse 
generator  which  energizes  the  cell  and  consider  some  of  the  problems  en¬ 
countered  in  constructing  the  shutter  unit. 
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5. 1  Nitrobenzene  Characteristics 


Nitrobenzene  is  a  pale,  straw-colored  organic  liquid  which  has  a 
pleasant  odor  but  is  quite  toxic.  Its  electrical  and  optical  characteristics 
are  as  follows: 


Refractive  index: 
Transmission: 

Dielectric  Constant: 

Resistivity,  Commercial: 

Purified: 

Dielectric  Strength, 

Commercial: 

Purified: 

Kerr  Constant: 

The  Kerr  constant  is  defined  as 


1.553 

100  per  cent  from  8500  to  4600  R 
96  per  cent  at  4500  R 
2  per  cent  from  4200  R  to  2000  R 

36  from  d.c.  to  4  m.c. 

27  at  6  m.c. 

24  at  8  m.  c. 

22  from  10  to  15  m.c. 

10^  Ohm  centimeters 
20 

10  Ohm  centimeters 

4500  v/cm 
150,  000  v/cm 

500  x  10"7  at  5000  R 
400  x  10"7  at  5800  R 
300  x  10“7  at  6500  R 


(V 


where 

n  and  n  are  refractive  indices  parallel  and  perpen- 
x  ^  dicular  to  the  applied  field 

E  =  applied  fields  (esu) 

K  =  Kerr  constant  (electrostatic  units) 

X  =  wave  length  of  incident  light  in  centimeters 


The  time  phase  angle  between  the  slow  and  fast  waves  through  the  energized 
nitrobenzene  is  given  by 

6=2 it  LKE2  (V 

where 

6  =  phase  angle  in  radians 
L  =  length  of  light  path  in  centimeters 
E  =  energizing  electric  field 

The  value  of  the  Kerr  constant  is  subject  to  some  question.  The 

literature  indicates  wide  variation  of  this  constant  depending  upon  the 

2 

purity  of  the  nitrobenzene.  Zarum,  et  al.  report  that  for  short  pulse 
operation  the  impurities  do  not  seem  to  affect  the  Kerr  characteristics, 
although  the  extent  of  these  impurities  is  not  mentioned.  The  impurities 
are  apparently  ionic  in  nature;  in  dc  operation  they  collect  at  the  electrodes 
and  thereby  reduce  the  electric  field  throughout  the  rest  of  the  liquid.  No 
data  seems  to  be  available  on  the  migration  time  of  these  impurities,  al¬ 
though  Zarum  estimates  times  of  about  one  msec.  It  was  felt  that  as 
pure  a  grade  of  nitrobenzene  as  possible  should  be  used,  and  considerable 
effort  was  put  forth  in  an  attempt  to  obtain  fairly  high-purity  nitrobenzene 

3 

according  to  a  procedure  given  by  Whyte  ,  who  reported  purities  on  the 
12 

order  of  10  ohm-centimeters.  (No  data  has  been  found  indicating  how 

20 

to  attain  purities  of  10  ohm-centimeters. )  The  purification  procedure 

g 

yielded  nitrobenzene  whose  resistivity  was  measured  to  be  between  10 

9  12 

and  10  ohm -centimeters;  Whyte's  value  of  10  could  not  be  reached. 

In  practice,  the  nitrobenzene  purified  by  the  writer  gave  quite  satisfactory 

results. 

5.  2  Kerr  Cell  Design 

For  the  nitrobenzene  cell  to  give  optimal  behavior  when  energized, 

6  must  equal  it ;  hence,  from  Eq.  (V-2)  we  can  derive  (though  we  have 
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made  some  changes  in  units) 


V 


.212  d 

-JETT 


where 

V  =  cell  voltage  in  KV 

d  is  the  electrode  separation  in  centimeters 

K  is  the  Kerr  constant  in  ESU 

L  is  the  effective  optical  path  through  the 
energized  nitrobenzene 


(V  -  3) 


Computations  to  determine  the  Kerr  constant  of  nitrobenzene  using  the 

4  5 

dimensions  and  operating  voltage  of  two  commercial  cells  '  indicate 

-7 

that  the  value  is  on  the  order  of  500  x  10  (ESU).  Using  this  value  in 
Eq.  (V-3),  we  have  the  following  simple  cell  design  equation 


V  = 


30d 

IT 


(V-4) 


As  was  mentioned  in  Chapter  II,  the  shutter  was  designed  in  a  similar 

5 

manner  to  that  of  a  commercial  unit  .  The  pulser  for  this  commercial 
unit  will  operate  in  the  range  of  30  to  40  Kv.  A  plate  separation,  d,  of 
2  cm  was  used  so  as  not  to  obstruct  any  light  from  the  input  polarizer 
(which  is  also  the  analyzer  for  the  magneto-optic  effect  observations).  Using 
electrodes  3  cm  long,  resulting  in  an  effective  L  of  about  3.4  cm,  we  find 
from  Eq.  (V-4)  that  the  required  operating  voltage  to  open  the  shutter  is 
32. 5  Kv. 

A  sketch  of  the  nitrobenzene  cell  is  shown  in  Figure  5-1.  The  ends  of 
the  cylinder  in  which  the  electrodes  are  mounted  are  ground  flat  and  parallel 
within  .001  inch,  and  optical  flats  (coated  to  minimize  reflection  losses) 
are  cemented  to  the  ends  of  the  cylinder.  A  number  of  cements  which  would 
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adhere  to  glass  were  tested  for  their  resistance  to  nitrobenzene;  the  only 
one  which  proved  successful  was  a  commercial  epoxy  resin  (  trade  name. 
Epoxy  patch).  The  cell  is  filled  to  the  level  of  the  stopcocks  with  nitro¬ 
benzene;  one  of  the  stopcocks  is  left  open  to  avoid  any  problems  which 
might  be  encountered  from  thermal  expansion  of  the  nitrobenzene. 

5.  3  High  Voltage  Pulse  Generator 

A  simplified  schematic  of  the  pulse  generator  used  to  operate  the 

Kerr  cell  is  shown  in  Figure  5-2;  this  design,  although  not  original  with 

the  writer,  is  rather  unique  in  its  operation. 

In  the  initial  steady  state,  the  center  conductor  of  the  coaxial  delay 

line  is  maintained  at  ground  potential  by  the  terminating  resistor  RQ.  The 

outer  conductor  is  charged  to  V  through  the  charging  resistor.  The  delay 

line  in  the  unit  is  wound  in  a  tight  coil  so  that  when  the  switch,  S^,  is 

closed,  all  points  of  the  outside  conductor  are  grounded  simultaneously. 

Since  no  current  can  flow  at  the  Kerr  cell  end  of  the  line,  except  for  a 

small  momentary  charging  current  to  the  Kerr  cell  capacity,  the  potential 

across  the  delay  line  remains  unchanged  at  that  point,  and  a  voltage  V  is 

applied  to  the  Kerr  cell.  At  the  terminated  end  of  the  line  we  have  the 

V 

conventional  behavior  of  a  delay  line  pulse  generator;  a  voltage  ~ 
appears  across  the  terminating  resistance,  and  a  wave  front  of  magnitude 

V 

—  begins  to  travel  down  the  delay  line.  At  time  T,  the  instant  at  which 
this  wave  front  (assuming  it  to  be  an  ideal  Step  function)  arrives  at  the  Kerr 
cell  end  of  the  line,  it  is  reflected  with  a  reflection  coefficient  of  +1,  and 
the  voltage  across  the  Kerr  cell  drops  to  zero,  since  the  line  at  that  point 
is  now  discharged.  The  wave  then  travels  back  down  the  line  and  is  ab¬ 
sorbed  in  the  terminating  resistor.  The  switch,  Sj,  opens,  and  the  line 
recharges  to  its  initial  state  through  the  charging  resistor. 

For  this  application,  this  pulse  generator  has  the  advantage  that  it 
supplies  an  output  pulse  equal  to  the  potential  to  which  the  line  has  been 


134. 


charged,  whereas  most  other  delay  line  pulse  generators  have  a  pulse 

amplitude  of  only  half  the  line  voltage;  this  is  extremely  desirable  when 

trying  to  generate  pulses  of  several  kilovolts  in  amplitude.  True,  such 

a  pulse  source  cannot  be  loaded  to  any  extent;  however,  as  long  as  the 

time  constant  determined  by  the  capacity  of  the  Kerr  cell  and  the 

characteristic  impedence  of  the  line  is  small  compared  to  the  risetime 

of  the  switching  device  used,  no  ill  effects  will  be  observed.  In  this 

particular  case  the  cell  capacity  is  about  20  ppf  and  the  line  impedence 

is  50  ohms,  resulting  in  a  time  constant  of  about  one  millimicrosecond, 

which  is  much  less  than  the  rise  time  of  the  switch. 

In  actual  practice  the  rise  time  of  the  switch  is  not  instantaneous 

but  is  some  value  tf  and  must  be  taken  into  account  when  computing  the 

required  transmission  line  length.  Assume  that  the  rise  time  of  the 

switch  is  linear  and  let  the  switch  be  triggered  at  time  tQ.  At  time  t  , 

the  potential  across  the  Kerr  cell  has  changed  by  V  while  that  at  the 

V 

termination  resistor  has  changed  by  —  .  The  potential  distribution 

along  the  line  is  that  shown  at  t  =  t  in  Figure  5-3.  Note  that  a  ramp 
V  1  r 

of  magnitude  —  is  propagating  along  the  transmission  line.  This  ramp 
causes  the  line  potential  at  the  Kerr  cell  to  begin  decreasing  at  t  -  T. 

The  resulting  pulse  applied  to  the  Kerr  cell  has  a  rise  and  fall  time  of 
t  and  a  flat  top  of  length  T  -  t  .  Referring  to  the  cell  transmission 
characteristic  in  Appendix  B,  we  see  that  if  we  consider  the  exposure 
duration  of  the  shutter  to  be  measured  between  the  half  amplitude  values 
of  light  transmission  the  effective  exposure  duration  is 

t  =  T  -  t  +  2(.  293  t  ) 
e  r  r 

=  T  -  .414  t  (V-5) 

r 

This  must  be  taken  into  account  for  accurate  computation  of  transmission 
line  length  when  T  is  comparable  in  magnitude  to  ty. 

The  switch  for  the  pulse  generator  is  a  modified  6587  hydrogen 
thyratron.  This  tube  is  manufactured  with  a  four-pin  base;  the  hydrogen 


KERR  CELL  END 


TERMINATION  END 


LINE  POTENTIAL 


t  =  2r  +t 


FIG.  5-3  LINE  POTENTIAL  DISTRIBUTIONS  AND  PULSE  WAVEFORM 
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reservoir  is  connected  inside  the  tube  base  in  parallel  with  the  filament 
leads.  The  base  of  the  tube  was  removed  and  a  seven-pin  base  substituted. 
The  cathode  leads  were  connected  to  four  of  these  pins  to  minimize 
inductance  effects.  The  hydrogen  reservoir  was  brought  out  on  a  separate 
lead  so  that  it  could  be  varied  during  operation,  since  rise  time  and 
holdoff  voltage  both  change  as  the  hydrogen  pressure  is  varied.  (See 
Appendix  CJ  The  6587  is  normally  rated  at  an  anode  voltage  of  about 
20  Kv,  but  Zarum  reports  operation  as  high  as  40  Kv5,  and  the  writer's 
experience  bears  this  out. 

Because  of  the  rapid  rise  times  and  short  pulse  durations  involved, 
the  entire  shutter  unit  was  designed  to  be  as  compact  as  possible;  a 
photograph  of  the  unit  is  shown  in  Figure  5-4  and  a  close-up  of  the  Kerr 
cell  module  with  the  terminating  resistors  in  Figure  5-5.  As  is  apparent 
from  the  photographs,  the  design  of  the  unit  was  such  as  to  minimize 
inductance  effects  in  the  circuit. 

The  delay  line  is  a  length  of  RG-58/u  coaxial  cable  with  the  outside 
vinyl  jacket  removed.  The  line  is  wound  in  a  tight  spiral  on  a  metal  post 
which  is  mounted  on  the  anode  of  the  thyratron.  The  ends  of  the  inner 
conductor  are  attached  to  contacts  mounted  in  a  polystyrene  bracket  which 
mate  with  two  contacts  in  the  Kerr  cell  module.  Although  normally  rated 
at  1200  volts  rms,  the  sections  of  cable  used  were  tested  to  40  Kv  and 
showed  no  signs  of  breakdown;  Zarum  reports  that  selected  sections  of 
this  cable  can  withstand  50  Kv. 

Three  delay  lines  were  constructed,  giving  pulse  lengths  of  10  m/usec, 
35  mMsec,  and  85  mpsec.  The  longer  lines,  having  a  larger  diameter 
when  wound  in  a  coil,  introduced  arc -over  problems  between  the  lines  and 
the  frame  of  the  shutter  assembly;  to  prevent  this,  lucite  shields  were 
placed  between  the  delay  line  and  the  frame,  and  the  delay  lines  were 
encased  in  a  lucite  shell  which  was  then  filled  with  a  high-voltage  trans¬ 
former  oil.  A  photograph  of  the  10  mpsec  delay  line  assembly  is  shown 
in  Figure  5-6. 
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FIG.  5-4  ELECTRO-OPTICAL  SHUTTER  UNIT 
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FIG.  5-5  KERR  CELL  MODULE 


Initial  attempts  to  view  the  wave  form  of  the  voltage  pulse  were  un¬ 
successful  because  high  fields  generated  when  the  thyratron  was  triggered 
blanked  out  the  oscilloscope .  After  severed,  attempts  to  trace  this  difficulty 
(including  putting  the  entire  shutter  assembly  inside  a  copper  box),  the 
fields  were  found  to  be  generated  by  a  5-foot  length  of  cable  connecting  the 
thyratron  anode  to  the  high  voltage  supply.  A  40  Kv  RC  decoupling  net¬ 
work  was  installed  to  remedy  this  problem.  A  second  difficulty  was 
suppression  of  corona  and  arcing  from  the  anode  cap.  Several  anode 
connectors  of  various  geometries  were  made  to  try  to  lower  the  electric 
field  at  the  anode  cap  below  the  corona  point.  The  final  solution  was  to 
encapsulate  the  entire  lower  portion  of  the  cap  in  General  Electric  RTV-60 
silicone  rubber  compound.  Another  compound,  RTV-11  compound,  was 
used  at  one  place  in  the  Kerr  cell  module  to  suppress  arcing  (see  Pig.  5-5). 

The  complete  circuit  of  the  pulse  generator  is  shown  in  Figure  5-7. 

A  negative  grid-biasing  network  was  included  to  aid  in  attaining  the  35-Kv 
thyratron  holdoff  voltage. 

The  voltage  wave  forms  supplied  to  the  Kerr  cell  are  shown  in  Figure 
5-8,  along  with  the  resulting  light  transmission  wave  forms.  Light  trans¬ 
mission  for  the  10  mjisec  line  could  not  be  observed  because  of  the  risetime 
limitations  of  the  measuring  apparatus.  The  voltage  wave  forms  were 
viewed  directly  on  plates  of  a  Tektronix  545  oscilloscope.  The  average 
pulse  jitter  seemed  to  be  about  4  zxyisec,  the  extreme  being  about  8  mpsec; 
triggering  jitter  contributed  about  2  nytsec  to  this.  The  light  transmission 
wave  forms  were  viewed  with  a  929  phototube  operated  at  500  volts  into  a 
90  ohm  load,  and  observed  on  a  Tektronix  545  Oscilloscope  with  a  type 
54K  preamplifier;  the  oscilloscope  with  this  preamplifier  has  a  vertical 
risetime  of  12  nyisec. 

The  light  transmission  maximized  for  a  shuttering  supply  of  42  Kv. 

This  is  higher  than  the  design  figure;  the  writer  believes  that  the  values 
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y  WATT  RESISTORS.  SIX  PARALLEL  UNITS  OF  THREE 
SERIES  CONNECTED  RESISTORS 


FIG.  5-7  HIGH  VOLTAGE  PULSE  GENERATOR  CIRCUIT 
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VOLTAGE  LIGHT 


85  musec 


35  mpsec 


1 0  mpsec 


100  rn^isec 


FIG.  5-8  VOLTAGE  PULSE  AND  UGHT  TRANSMISSION  WAVEFORMS 


of  Kerr  constant  given  in  Section  5. 1  are  low  frequency  values  and  that 

the  Kerr  constant  at  the  high  frequencies  being  used  is  in  the  vicinity  of 
-7 

300  x  10  .No  data  seems  to  be  available  in  the  literature  concerning 
the  high  frequency  behavior  of  this  constant. 


CHAPTER  VI 


ELECTRONIC  INSTRUMENTATION 


The  instrumentation  for  this  project,  aside  from  the  shutter  discussed 
in  the  previous  chapter,  consists  of  the  following  items: 

1.  A  delay  line  pulse  generator  driving  one  of  two  single -turn 
Helmholtz  coils  to  provide  the  pulsed  magnetic  field. 

2.  A  flash  tube  with  a  hydrogen  thyratron  triggering  circuit. 

3.  A  synchronizing  panel  to  generate  the  proper  triggers  for 
the  shutter,  the  flash  tube,  and  the  field  pulse  generator. 

4.  A  static  field  generator  to  allow  static  observations  of  speci¬ 
mens  and  biasing  during  pulsed  studies. 

5.  Miscellaneous  items,  e.g. ,  power  supplies,  etcetera. 

6. 1  Pulsed  Magnetic  Field  Apparatus 

To  apply  a  pulsed  magnetic  field  to  the  specimen,  two  sets  of  single - 
turn  Helmholtz  coils  are  used.  To  avoid  confusion  between  these,  the 
coils  generating  an  H  field  perpendicular  to  the  plane  of  incidence  will  be 
denoted  as  the  transverse  coils,  while  the  coils  generating  a  field  parallel 
to  the  plane  of  incidence  will  be  denoted  as  the  longitudinal  coils.  In  view 
of  the  data  of  Olson  and  Pohm,  it  was  felt  that  a  maximum  pulsed  field  of 
about  10  oerstads  would  be  adequate  for  the  studies  being  considered.  As 
was  mentioned  in  Chapter  II,  Helmholtz  pairs  of  about  2  inches  in  diameter 
will  have  a  sufficiently  uniform  field,  inductance  of  about  2  microhenries, 
and  a  field  generating  capability  of  about  .  33  oerstads/amp.  Therefore, 
a  pulse  generator  capable  of  supplying  a  maximum  of  about  30  amperes 
will  meet  these  requirements.  The  source  impedance  of  such  a  pulse 
generator  should  be  greater  than  40  ohms  so  that  the  L/R  time  constant 
will  be  less  than  the  rise  time  of  the  switch,  in  this  case  the  hydrogen 
thyratron. 
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For  the  Helmholtz  coils  to  see  a  source  impedence  of  40  ohms  would 
mean  a  delay  line  impedence  of  20  ohms;  the  line  charging  voltage  for  the 
numbers  mentioned  would  have  to  be  1200  volts.  It  is  impractical  to  use 
coaxial  delay  lines  in  a  case  such  as  this  since  the  pulses  being  considered 
may  be  as  long  as  10  microseconds,  which  would  require  several  hundred 
feet  of  coaxial  cable.  A  3C45  hydrogen  thyratron  was  chosen  for  the  switch; 
this  thyratron  has  a  peak  current  capability  of  40  amperes  and  is  rated  at 
3000  volts.  Because  of  this  voltage  rating,  the  line  ipipedence  was  chosen 
to  be  50  ohms,  which  for  proper  termination  would  then  result  in  a  maxi¬ 
mum  current  of  30  amperes. 

The  pulse  field  Helmholtz  coils  were  constructed  from  brass  rings 
having  a  1/8  M  square  cross  section.  Since  one  Helmholtz  pair  had  to  fit 
inside  the  other,  with  their  axes  at  right  angles,  the  diameters  were 
slightly  different.  The  specific  characteristics  of  the  coils  used  are  as 
follows: 

Longitudinal  coils  2.  14"  mean  diameter  0.21  /uhy  0.  325  oer/amp 

Transverse  coils  2.  375  mean  diameter  0.22  /ihy  0.28  oer/amp 

The  artificial  delay  lines  used  for  pulse  forming  were  Guillemin 
"Type  E"  networks1.  This  line  is  most  easily  described  as  a  long  solenoid 
of  diameter  d  with  taps  at  distances  4/3  d  along  the  entire  solenoid. 

Lumped  capacities  are  connected  from  these  taps  to  a  ground  bus  parallel 
to  the  solenoid.  If  the  total  inductance  is  LQ  and  the  total  capacity  is  C^, 
then  the  characteristic  impedence  of  the  line  is  V  Lq/Cq  and  the  time 
length  of  the  pulse  is  2 si  Lq/Cq  . 

Four  lines  were  constructed  so  as  to  generate  pulses  of  0.  3  micro¬ 
seconds,  1  microsecond,  3  microseconds,  and  10  microseconds.  Each 
line  had  about  20  sections,  so  that  the  ripple  frequency  from  the  top  of 
the  pulse  would  be  high  with  respect  to  the  specimen  switching  time.  The 
lines  were  encased  in  lucite  tubes  to  afford  high  voltage  protection;  two  of 
these  lines,  with  their  protecting  tubes  removed,  are  shown  in  Fig.  6-1. 
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FIG.  6-1  ARTIFICIAL  DELAY  LINES 
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The  capacity  at  the  input  section  of  each  line  was  adjusted  to  obtain  the 
best  compromise  between  pulse  risetime  end  pulse  overshoot.  Two  addi¬ 
tional  delay  lines  were  made  from  RG-8/u  coaxial  cable  to  provide  pulses 
of  75  my sec  and  150  my sec  duration.  Although  these  pulse  lengths  are 
too  short  for  the  photographic  studies  for  which  the  apparatus  has  been 
designed,  they  are  still  useful  for  studying  domain  propagation  and 
rotational  thresholds.  This  will  be  discussed  more  fully  in  Chapter  VII. 

Since  the  use  of  a  hydrogen  thyratron  permits  only  one  polarity 
pulse  in  the  field  coil,  a  second  pulse  generator  using  a  mercury- 
wetted  contact  relay  as  a  switch  was  built  to  provide  the  pulses  to  the 
specimen  between  pulses  from  the  hydrogen  thyratron  generator.  A 
schematic  of  both  pulse  generators  is  shown  in  Fig.  6-2.  The  hydrogen 
thyratron  will  operate  from  300  volts  minimum  to  3000  volts  maximum; 
this  means  that  for  a  given  terminating  resistor  the  current  amplitude 
has  a  10  to  1  range  as  the  supply  voltage  is  varied.  In  order  to  obtain 
lower  currents  a  shunting  resistor  can  be  inserted  in  the  circuit  and  the 
values  of  and  '  are  so  adjusted  as  to  properly  terminate  the  line. 

Photographs  of  the  current  wave  forms  from  the  various  lines  are 
shown  in  Fig.  6-3.  The  risetime  in  all  these  pulses  is  about  25  my  sec. 

The  fall  time  is  much  slower,  but  is  of  no  importance  since  we  assume 
that  the  film  will  switch  completely  during  the  pulse.  The  peak-to-peak 
ripple  amplitude  is  approximately  4  per  cent  of  the  current  amplitude. 

We  note  that  the  risetime  at  higher  current  amplitudes  is  somewhat  faster 
then  that  at  lower  amplitudes,  thus  bearing  out  the  comments  on  this  in 
Appendix  C. 

6.2  Flash  Lamp  Circuitry 

The  FX-12  flash  tube  is  designed  to  provide  a  high  peak  light  output 
from  a  small  area  (1.2  mm  x  6  mm)  with  a  duration  of  1  to  2  microseconds. 
The  tube  normally  operates  from  the  discharge  of  a  capacitor  charged 
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FIG.  6-2  FIELD  PULSE  GENERATOR  CIRCUIT 
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FIG.  6-3  PULSE  GENERATOR  CURRENT  WAVEFORMS 
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initially  anywhere  from  400  volts,  the  minimum  starting  voltage  for  the 
lamp  in  trigger  operations,  to  4000  volts,  the  self-flash  voltage  of  the 
lamp.  The  recommended  energy  input  to  the  lamp  is  one  joule,  resulting 
in  a  peak  output  of  2,  000, 000  horizontal  candle-power.  The  lamp  can  be 
operated  with  an  energy  input  as  high  as  10  joules,  although  this  results 
in  a  shorter  operating  lifetime .  The  manufacturer  states  that  "the 
spectral  output  of  this  lamp  shows  a  continuous  spread  of  energy  over 
the  entire  visual  region  with  broad  superimposed  lines  of  xenon.  "  When 
this  lamp  is  flashed,  the  light  appears  to  be  bluish-white,  indicating  that 
some  of  the  stronger  xenon  lines  are  probably  in  the  wave  length  region 
less  than  4300  R  and  therefore  will  not  be  transmitted  by  our  system  be¬ 
cause  of  the  nitrobenzene  spectral  cutoff. 

An  initial  experiment  was  conducted  to  see  if  the  peak  output  of  this 
flash  lamp  could  be  increased  by  operating  it  at  excessive  voltages  in 
series  with  a  5C22  hydrogen  thyratron  for  a  switch.  The  capacitor  used 
was  rated  at  0.  03  ufd  at  10,  000  volts.  With  an  operating  voltage  of 
10,  000  volts,  the  peak  output  was  measured  in  the  following  manner. 

The  flash  lamp  was  placed  beside  a  General  Radio  Type  1532-B  Strobolume 
and  a  929  phototube  was  placed  10  feet  away  from  both  units.  The  929 
phototube  was  operated  at  500  volts  into  a  90 -ohm  load;  the  wave  form 
was  observed  on  a  Tektronix  545  oscilloscope.  The  Strobolume,  whose 
peak  output  is  10  megacandle-power,  was  used  as  a  standard  against 
which  to  measure  the  output  of  the  FX-12  unit. 

The  peak  output  of  the  FX-12  unit,  for  10, 000  volt  operation,  was  one 
megacandle-power  with  a  duration  of  one  microsecond  as  measured  at  the 
1/3  intensity  points  (the  standard  reference  for  measuring  flash  duration). 
The  unit  was  unreliable  in  its  triggering,  showing  jitter  of  several  micro¬ 
seconds,  and  occasionally  refusing  to  flash  at  all.  The  efficiency  of  the 
circuit  was  also  quite  low  because  of  the  high  impedence  of  the  5C22 
relative  to  the  FX-12  impedence.  Therefore,  the  circuitry  was  changed 
to  a  more  conventional  type  of  trigger  operation. 
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The  initial  flash  lamp  circuitry  discharged  a  one  microfarad  capacitor 
into  the  lamp.  The  flash  lamp  was  mounted  in  open  fuse  clips;  the  trigger 
electrode  consisted  of  one  and  one -half  turns  of  fine  wire  wrapped  around 
the  discnarge  area  of  the  lamp.  This  arrangement  presented  two  problems. 
The  high  energy  of  the  discharge  often  caused  the  lamp  to  explode.  Also 
the  peak  discharge  current  was  sufficiently  high  (estimated  somewhere 
between  1000  and  8000  amperes)  so  as  to  generate  an  appreciable 
magnetic  field  in  the  vicinity  of  the  specimen,  which  was  about  12  inches 
from  the  lamp. 

The  explosion  problem  was  eliminated  by  decreasing  the  discharge 
capacitance  to  0.  5  microfarad.  To  reduce  the  magnetic  field,  the  lamp 
was  completely  enclosed  (with  the  exception  of  a  hole  to  allow  emission 
of  light)  in  a  cylindrical  brass  housing  with  walls  0. 125"  thick. 

At  this  point  a  new  problem  arose.  Although  the  FX-12  flash  lamp 
is  rated  at  a  holdoff  voltage  of  4000  volts  it  seemed  impossible  to  attain 
this  operation,  as  the  lamp  tended  to  self-fire  in  the  vicinity  of  2200  volts. 
Tests  by  the  manufacturer  indicated  that  the  lamps  themselves  were  not 
at  fault.  Some  experimental  investigation  revealed  that  the  trigger  elec¬ 
trode  was  the  source  of  difficulty.  In  the  brass  housing,  the  trigger 
electrode  is  half  of  a  brass  ring  mounted  at  the  midpoint  of  the  lamp. 

This  electrode  was  connected  through  a  68Qaresistor  to  ground.  In  operation 
one  electrode  of  the  flash  lamp  is  connected  to  ground  while  the  other  is 
connected  through  a  charging  network  to  the  supply  voltage  (see  Fig.  6-4). 

If  the  trigger  electrode  is  not  present,  the  quiescent  electric  field  in  the 
tube  is  approximately  V/d,  where  V  is  the  voltage  across  the  flash  lamp 
and  d  is  the  separation  of  the  flash  lamp  electrodes.  The  trigger  electrode 
in  the  configuration  mentioned  above  introduced  a  ground  potential  near 
the  midpoint  of  the  lamp.  This  effectively  doubled  the  quiescent  electric 
field,  thereby  halving  the  holdoff  voltage. 
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Holdoff  voltage  was  improved  by  using  a  small  trigger  electrode  at 
a  farther  distance  from  the  flash  lamp  and  by  maintaining  the  potential 
of  this  electrode  midway  between  the  supply  voltage  and  ground.  As  can 
be  seen  from  the  circuit  in  Fig.  6-4,  the  latter  was  accomplished  by  a 
d-c  isolation  capacitor  and  a  simple  voltage  divider.  These  changes 
enabled  operation  of  the  flash  lamp  at  3000  v;  supposedly,  it  should  be 
possible  to  operate  at  higher  potentials,  but  the  writer  has  been  unable 
to  attain  such  operation. 

The  light  output  of  this  unit  as  a  function  of  lamp  voltage  is  shown 

in  Fig.  6-5;  the  measurement  technique  to  determine  this  output  was  the 

same  as  that  described  previously.  These  curves  correspond  closely  to 

2 

the  data  in  the  literature.  The  delay  from  the  time  of  pulse  input  to  the 
4C35  to  the  peak  light  output  of  the  FX-12  is  0.  5  microseconds,  output 
jitter  is  about  20  mpsec.  This  amount  of  jitter  causes  no  problems, 
since  the  light  output  remains  at  its  peak  value  for  about  400  mpsec. 

6.  3  Synchronization  Circuitry 

Operation  of  the  flash  tube  trigger  generator,  the  pulse  field  generator, 
and  the  shutter  require  fast  rise  pulses  of  400  to  500  volts  peak  amplitude. 
The  pulse  to  trigger  each  unit  must  be  independently  variable  in  time  so 
that  the  units  can  be  properly  synchronized  for  operation  of  the  apparatus; 
these  pulses  must  also  be  quite  free  from  jitter.  In  Fig.  6-6  is  shown 
the  pulse  distribution  circuit  for  generating  and  delaying  the  pulses  which 
trigger  the  hydrogen  thyratrons.  The  pulse  generator  circuits  are  given 
in  Fig.  6-7. 

The  switching  elements  for  these  generators  are  Shockley  4-layer 
diodes;  a  sample  characteristic  of  a  4-layer  diode  is  given  in  Fig.  6-8. 

As  can  be  seen  from  the  characteristic  curve,  the  4-layer  diode  is  a  non¬ 
linear  high  resistance  until  the  voltage  across  it  approaches  the  firing 
value  Vd,  with  a  corresponding  current  1^.  At  the  current  1^,  the  slope 
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FIG.  6-5  FLASH  LAMP  OUTPUT 


FIG.  6-6  PULSE  DISTRIBUTION  CIRCUIT 


FIG.  6-7  PULSE  GENERATOR  CIRCUITS 
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of  the  curve  is  zero;  at  higher  values  this  slope  becomes  negative.  The 
voltage  decreases  until  it  reaches  a  minimum  value  V^,  whereupon  the 
curve  resumes  a  slight  positive  slope,  referred  to  as  the  holding  state. 

A  4-layer  diode  in  the  holding  state  will  remain  so  until  the  current  is 
decreased  below  the  holding  current  value  1^*;  when  this  decrease  occurs, 
the  diode  turns  off  and  requires  a  few  microseconds  to  recover.  Switching 
time  in  properly  designed  circuits  is  about  20  mu  sec.  Although  the  diodes 
used  have  maximum  pulse  current  ratings  of  2  amperes,  operation  at 
pulse  currents  as  high  as  6  amperes  showed  no  signs  of  deterioration. 

Operation  of  the  pulse  generator  is  quite  simple.  Consider  the  line 
driver  circuit  shown  in  Fig.  6-7.  The  quiescent  voltage  across  the 
4D80-8  is  60  volts.  A  positive  input  pulse  reverse  biases  the  IN277 
coupling  diode,  and  this  input  pulse  voltage  is  added  to  the  quiescent 
voltage  across  the  4D80-8.  When  the  total  voltage  reaches  V^,  the 
4D80-8  becomes  a  negative  resistance.  Current  is  drawn  from  the  ex¬ 
ternal  load  (a  pulse  forming  circuit),  and  the  IN277  is  switched  to  forward 
conduction.  The  load  discharges,  forming  a  pulse  in  the  process,  and 
the  4D80-8  turns  off.  The  circuit  then  recharges  and  awaits  the  next 
input  pulse. 

If  higher  pulse  voltages  are  required,  the  diodes  can  be  connected  in 
series,  as  shown  in  the  output  driver  circuit,  to  increase  the  overall  hold- 
off  voltage.  A  voltage  divider  must  be  incorporated  to  be  certain  that  the 
quiescent  voltage  across  any  one  diode  does  not  exceed  its  firing  voltage. 
Small  capacitors  connected  from  the  first  one  or  two  diodes  to  ground 
insure  reliable  triggering.  Note  that  the  4-layer  diode  at  the  input  end 
of  the  output  driver  has  a  lower  firing  voltage  than  the  other  diodes  in  the 
circuit.  This  is  to  allow  more  reliable  triggering  from  a  60  volt  pulse. 

By  use  of  this  technique  of  increasing  firing  voltage  along  the  series  string 
of  diodes,  it  is  quite  possible  to  build  a  pulse  generator  capable  of  delivering 

♦The  diode  type  number  gives  the  specifications  on  VQ  and  L  .  For 
example,  a  4D80-8  diode  has  a  nominal  firing  voltage  of  80  volts  and 
a  nominal  holding  current  of  8  ma. 
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a  2000  volt  5  ampere  pulse  which  can  be  reliably  triggered  with  a  three 
or  four  volt  pulse. 

Other  advantages  of  the  use  of  the  4-layer  diode  circuitry  are 
that  the  circuits  have  the  same  input  and  output  polarity,  they  can  be 
designed  for  either  polarity  operation,  and  they  require  negligible  quiescent 
current.  (At  1000  cps  repetition  rate,  the  distribution  pulse  generators 
require  a  total  current  of  about  30  ma. ) 

The  pulse  distribution  circuit,  then,  is  simply  several  tapped 
variable  delay  lines  driven  by  the  pulse  generators  just  described.  All 
lines  are  terminated  at  both  ends  and  driven  at  their  taps;  this  minimizes 
reflection  problems  and  gives  more  uniform  delay.  The  lines  Lj,  L2> 
and  have  a  total  delay  of  3  microseconds  tapped  every  0. 1  micro¬ 
second.  By  taking  outputs  from  both  ends  of  the  line,  the  relative  time 
between  these  outputs  can  be  varied  by  6  microseconds.  Of  this,  only 
4. 0  microseconds  can  be  used  for  dynamic  studies  because  of  other  delays 
in  the  system.  Lines  L 4,  Lg,  and  Lg  are  General  Radio  314-S86  Variable 
Delay  Lines,  having  a  delay  of  0.  5  microseconds  with  a  resolution  of 
0.4  m/isec.  A  tapped  line  with  a  total  delay  of  1.2  microseconds  is  made 
of  L?,  Lg,  L?,  and  L1Q. 

In  operation,  Lg  and  the  line  comprised  of  L?,  Lg,  L^,  and  L^  are 
set  so  that  the  shutter  pulse  is  centered  at  the  peak  of  the  flash  lamp  output. 
L^  is  used  for  initial  zero  adjustment  between  the  shutter  pulse  and  the 
pulsed  magnetic  field.  Lj,  L2,  L y  and  Lg  are  then  varied  to  change  the 
position  of  the  shutter  pulse  (and  hence  the  flash  lamp  peak  also)  with 
respect  to  the  pulsed  magnetic  field. 

Output  A  of  the  clock  circuit  shown  in  Fig.  6-9  initiates  the  pulse  dis¬ 
tribution  circuit.  This  circuit  consists  of  two  capacitor  charging  and 
discharging  circuits  operated  by  the  4- layer  diodesand  transistors  Tj 
through  Tg  and  of  a  flip  flop  operated  by  transistors  T?  and  Tg.  To 
follow  the  circuit  operation,  assume  that  the  flip  flop  has  just  switched 


FIG.  6-9  CLOCK  CIRCUIT 


so  that  Tj,  T4<  Tg,  and  Tg  are  on,  while  T2,  Tg,  Tg,  and  T?  are  off. 

The  capacitor  selected  by  S3a  has  been  discharged  for  the  previous  half 
cycle,  while  that  selected  by  S3b  has  just  been  discharged  by  the.  firing 
of  D2>  Tj  supplies  a  constant  current  (determined  by  the  50  K  poten¬ 
tiometer)  to  the  capacitor  at  S3a,  resulting  in  a  negative  voltage  ramp 
across  When  Dj  reaches  its  firing  voltage,  it  discharges  the 
capacitor  at  S3&.  The  leading  edge  of  this  discharge  is  coupled  to  the 
flip  flop  and  switches  it  to  its  opposite  state.  All  transistor  conduction 
states  reverse,  and  the  processes  are  repeated  on  the  opposite  sides 
of  the  circuit.  The  circuit  as  designed  will  operate  from  .  05  cps  to 
50  cps  with  the  40  uf  capacitors  and  from  2  cps  to  2000  cps  with  the  1  uf 
capacitors. 

For  single  cycle  push  button  operation,  Sj  is  closed,  clamping  the 
capacitor  charging  ramp  so  that  D2  cannot  fire.  When  the  push  button 
S2  is  depressed,  the  circuit  behaves  in  the  same  fashion  as  if  D2  had 
fired  and  continues  operation  until  the  capacitor  charging  ramp  is  again 
clamped  by  the  diode  at  S^. 

Output  B  is  used  to  drive  the  circuit  of  Fig.  6-10 ,  which  in  turn  drives 
the  restoring  pulse  generator  relay. 

6.4  Static  Field  Circuitry 

Two  sets  of  Helmholtz  coils,  one  6.  5"  in  diameter  and  the  other  4.  5" 
in  diameter,  were  wound  to  provide  static  fields  for  biasing  and  static 
observations.  The  coils  were  designed  to  have  500  turns  and  722  turns 
respectively,  which  would  have  resulted  in  identical  fields  for  the  same 
current  through  each  set  of  coils.  Through  an  error,  the  number  of  turns 
was  reversed,  i.e.,  the  larger  coils  were  wound  with  500  turns  and  the 
smaller  coils  with  722  turns.  Compensation  for  this  error  was  accom¬ 
plished  in  the  resistance  networks  of  the  bias  angle  panel,  which  will  be 
described  shortly. 


FIG.  6-10  RESTORING  PULSE  GENERATOR  RELAY  DRIVE* 
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The  current  for  the  Helmholtz  coils  is  supplied  by  the  static  field 
supply  shown  in  Fig.  6-11.  This  supply  can  be  used  either  as  a  constant 

voltage  regulated  supply,  capable  of  supplying  2  amperes  at  50  volts  out- 

* 

put,  or  as  a  wave  form  generator  to  switch  the  specimens  for  quasi-static 
observations.  For  biasing  operation,  one  or  the  other  of  the  micro¬ 
switches  is  operated,  connecting  the  DT80  transistor  in  the  desired 
polarity  to  the  Helmholtz  coils.  The  Clare  relay  is  also  actuated, 
allowing  a  fixed  current  to  flow  into  the  feedback  amplifier  comprised 
of  the  904A,  the  4DJ1A21,  and  the  2N144  transistors.  A  second  feedback 
amplifier,  with  the  DT80  transistor  output,  is  designed  as  a  dc  voltage 
amplifier  with  a  very  low  impedence  output.  The  voltage  output  is  then 
determined  by  the  input  level  selected  by  the  helipot. 

For  quasi-static  observations  the  microswitches  are  alternately 
closed  by  an  eccentric  cam  on  a  variable  speed  motor,  thus  reversing 
the  current  to  the  Helmholtz  coils  each  half  cycle.  The  Clare  relay  opens 
wherever  either  microswitch  is  operating.  The  current  in  the  first  feed¬ 
back  amplifier  jumps  to  some  given  value  when  the  Clare  relay  is  open 
and  then  slowly  rises  to  its  quiescent  value,  the  rate  of  rise  being  deter¬ 
mined  by  the  RC  networks;  the  time  constants  for  these  networks  can  be 
varied  in  five  steps  from  one  second  to  100  seconds.  The  voltage  driving 
the  Helmholtz  coils  follows  this  wave  form;  hence  the  circuit  can  be  adjusted 
so  that  upon  reversal  of  the  field  the  current  in  the  Helmholtz  coils 
generates  a  field  just  below  the  coercive  force  of  the  film  after  which  the 
field  slowly  increases,  enabling  observation  of  the  domain  changes. 

The  output  from  the  static  field  supply  is  connected  to  the  Helmholtz 
coils  through  the  bias  angle  panel  shown  in  Fig.  6-12.  This  panel  pro¬ 
vides  for  direct  connection  of  the  static  field  supply  to  one  set  of  coils,  and 
also  for  connection  of  the  supply  to  both  coils  through  resistance  networks 
selected  by  the  rotary  selector.  The  values  of  these  resistance  networks 
are  such  that  the  angular  position  of  the  magnetic  field  in  the  plane  of  the 


FIG.  A-ll  STATIC  FIELD  SUFPLY 


specimen  advances  15°  for  each  step  of  the  rotary  selector,  being  variable 
from  zero  through  165°.  This  covers  all  twenty-four  15°  increments, 
since  the  current  to  the  bias  angle  panel  can  be  reversed  in  the  static  field 
supply.  For  direct  connection  to  the  coils  the  maximum  field  available  is 
60  oerstads;  for  setting  the  field  at  an  angle  the  maximum  field  available 
is  30  oerstads. 

6.  5  Miscellaneous  Circuitry 

Two  regulated  high  voltage  supplies  were  designed  and  (constructed 
to  power  the  flash  lamp  and  the  field  pulse  generator.  The  feedback  loops 
from  these  supplies  were  analyzed  and  the  poles  adjusted  to  allow  a  high 
loop  gain  with  stable  operation.  Output  ripple  is  about  0. 1  per  cent  of 
the  output  voltage.  These  supplies  will  regulate  at  outputs  from  300  volts 
to  3200  volts;  available  output  current  is  300  mils  up  to  2500  volts  output, 
which  drops  to  140  mils  at  3200  volts  output.  The  load  regulation  of  the 
supply  was  not  measured,  but  changing  the  load  current  from  zero  to 
300  mils  caused  a  change  in  output  voltage  just  barely  detectable  on  the 
output  voltmeter.  The  schematic  for  these  power  supplies  is  shown  in 
Fig.  6-13. 

Power  for  the  hydrogen  thyratron  filaments  and  the  6587  hydrogen 
reservoir  were  supplied  by  the  simple  circuit  shown  in  Fig.  6-14. 
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FIG.  6-14  THYRATRON  HEATER  POWER  PANEL 
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EXPERIMENTAL  RESULTS 


The  apparatus  described  in  the  previous  chapters  has  been  used  to 
photograph  the  reversal  of  thin  ferromagnetic  film  specimens  and  to 
visually  observe  the  remanent  states  of  specimens  after  the  application 
of  short  duration  magnetic  field  pulses.  As  quite  often  happens  when 
an  involved  apparatus  of  this  sort  is  constructed,  many  problems  arise 
which,  if  foreseen,  would  have  resulted  in  a  considerable  difference  in 
the  design  of  the  apparatus.  In  this  final  chapter  we  discuss  some  ex¬ 
amples  of  the  various  experimental  results  and  the  problems  encountered 
in  obtaining  these  results.  Improvements  which  could  be  made  are 
noted;  the  chapter  concludes  with  some  suggestions  toward  further  research 
which  could  be  conducted  with  this  instrument. 

7. 1  High  Speed  Photographs 

Originally,  the  author  had  planned  to  take  single  exposure  photographs 
of  specimen  reversal  for  various  magnitudes  of  longitudinal  switching 
field  and  transverse  bias  field.  Because  of  problems  encountered  which 
will  be  discussed  in  the  next  section,  it  became  necessary  to  take  triple 
exposure  photographs  instead.  To  take  such  photographs  the  following  pro¬ 
cedure  was  employed.  The  time  delay  from  the  pulse  distribution  panel 
was  set  so  that  the  electro -optical  shutter  would  open  at  a  given  time 
following  the  application  of  the  pulsed  magnetic  field.  The  specimen  was 
saturated  with  a  magnetic  field  of  .  50  oersteds.  Following  the  removal 
of  this  field  the  system  was  triggered,  switching  the  specimen  and  ex¬ 
posing  the  photographic  film.  The  specimen  was  then  reset  to  its  original 
state  with  the  50  oersted  field  and  the  system  was  triggered  again.  This 
process  was  repeated  a  third  time.  During  this  time  the  photographic 
film  was  not  advanced,  resulting  in  a  triple  exposure  on  the  film.  To 
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obtain  a  time  sequence  of  specimen  reversal,  the  procedure  was  repeated 
for  various  delay  settings  of  the  pulse  distribution  panel. 

The  camera  lens  used  for  the  photographs  in  this  section  has  a  focal 
length  of  38  mm,  This  results  in  a  smaller  image  on  the  photographic 
film  than  was  originally  intended  with  an  accompanying  increase  in 
graininess  in  the  photographs  in  this  section.  Although  in  the  author's 
mind  this  is  undesirable,  it  became  necessary  because  of  the  experi¬ 
mental  problems  which  we  will  discuss  later. 

The  specimen  used  in  the  examples  which  we  will  show  was  a  thin 
film  of  eighty-three  per  cent  nickel  and  seventeen  per  cent  iron.  Speci¬ 
men  diameter  was  0.375  inch;  thickness  was  approximately  1000  Angstroms. 
A  quarter -wave  coating  of  zinc  sulfide  was  evaporated  on  top  of  the 
specimen  in  accordance  with  the  discussion  in  Chapter  II. 

The  anisotropy  axis  of  the  specimen  was  supposedly  parallel  to  the 
sides  of  the  square  glass  specimen  substrate .  The  specimen  was  posi¬ 
tioned  in  the  apparatus  so  that  the  switching  field  would  be  applied  parallel 
to  the  side  of  the  substrate.  From  the  switching  observed,  it  became 
apparent  that  the  anisotropy  axis  was  a  few  degrees  off  from  its  assumed 
position.  From  the  data  of  Olsen  and  Pohm1,  it  is  apparent  that  as  the 
transverse  field  is  increased,  the  switching  time  should  decrease  (see 
Fig.  1-2).  This  was  not  the  case.  For  example,  the  following  switching 
times  were  noted  for  a  longitudinal  switching  field  of  2.8  oersteds. 

Transverse  field  Switching  time 

0  oer.  2. 5  Msec. 

.39oer.  4.5^sec. 

.70  oer.  3.  5  n sec. 

Irt  Figs.  7-1  through  7-5,  we  have  shown  some  examples  of  photographic 
sequences  during  switching.  Fig.  7-6  shows  sketches  of  the  progression  of 
the  switching  sequence  illustrated  in  Fig.  7-1.  The  number  underneath 
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FIG.  7-4  SWITCHING  SEQUENCE  4 
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FIG.  7-5  SWITCHING  SEQUENCE  5 
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each  photograph  indicates  the  time  elapsed  in  millimicroaecjpnds  from  the 
application  of  the  switching  field.  The  magnitudes  of  the  longitudinal 
switching  field  and  the  transverse  bias  field  HT  are  also  given  in 
each  figure. 

In  Fig.  7*1  the  specimen  has  reversed  approximately  twenty  per  cent 

in  4500  am  Bee,  the  maximum  delay  available  from  the  pulse  distribution 

panel.  One  can  see  the  beginning  of  domain  propagation  at  the  top  and 

bottom  of  the  specimen.  In  Fig.  7-2  we  see  that  a  higher  switching  field 

increases  the  rate  of  domain  propagation  and  also  increases  the  number 

of  domains  initially  nucleated,  in  accordance  with  the  hypothesis  of  Conger 
2 

and  Essig  .  Note  in  this  specimen  that  a  domain  nucleation  occurs  just 
slightly  to  the  left  of  center  in  the  specimen.  The  domain  is  barely  visible 
at  1500  m/isec,  increases  to  a  noticeable  size  at  2000  mpsec  and  is  merging 
with  the  domains  propagating  from  the  top  of  the  specimen  at  2500  mpse c. 

In  Fig.  7-3  we  have  again  increased  the  longitudinal  switching  field. 
Whereas  before  we  could  see  the  entire  reversal  process,  here  we  can 
see  very  little.  At  the  bottom  of  the  photographs  labeled  400,  600,  and 
800,  domain  propagation  is  observable,  but  at  the  top  of  the  specimen 
we  can  tell  almost  nothing  of  what  is  going  on.  That  this  latter  must  have 
reversed  is  apparent  from  the  photograph  at  1600  nyisec.  Here  we  see  a 
small  domain  on  the  left  which  shrinks  with  increasing  time.  Note  again 
the  appearance  of  the  ^mall  center  domain  at  600  mfisec. 

This  inability  to  determine  the  reversal  may  arise  from  (1)  the  faetthat 

the  domain  structure  is  too  fine  to  be  resolved  ia  these  photographs,  (2) 

*•  ? 

the  possibility  that  there  is  a  rotational  process  occurring,  or  (3)  the 
possibility  that  the  reversal  process  is  not  repsatsble  at  this  switching 
speed  and  hence  the  triple  exposure  is  causing  blurring  of  the  photograph. 

In  Fig.  7-4  we  see  the  same  situation  again,  although  under  a  different  set 
of  field  conditions.  Domain  propagation  at  the  bottom  of  the  epeeintoi  It 
observed  while  at  the  top  it  is  not.  Note  at  900^mpsec  that  a  largo  Remain 
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has  formed  in  the  upper  right  portion  of  the  specimen,  although  we  cannot 
determine  the  process  by  which  this  formation  occurred. 

In  Fig.  7-5,  we  see  that  the  application  of  a  large  transverse  bias  field 
(.  70  oersted)  drastically  affects  the  direction  of  domain  propagation.  The 
propagation  is  at  an  angle  of  twenty  or  thirty  degrees  away  from  the 
anisotropy  axis. 

7.2  Experimental  problems 

As  we  have  stated  several  times  (perhaps  to  the  point  of  monotony), 
the  original  intent  in  this  project  was  to  take  single  exposure  photographs 
of  10  m/usec  duration.  In  Fig.  7-7  are  photographs  of  a  single,  a  double, 
and  a  quadruple  exposure  taken  with  10  zxytsec  exposure  duration.  In 
this  case  the  electro-optical  shutter  was  operating  at  40, 000  volts  and 
the  flash  lamp  at  2700  volts.  The  exposures  were  of  the  specimen  men¬ 
tioned  and  were  taken  with  the  specimen  in  a  static  condition.  The  Eastman 
Double -X  film  which  was  used  to  take  the  photographs  was  developed  for 
thirty  minutes  in  Ethol  UFG  Developer  at  a  temperature  of  24°C.  As  is 
obvious  from  the  photographs,  even  the  single  exposure  has  better  quality 
than  the  triple  exposures  in  the  switching  sequences  which  we  have  shown. 

At  a  later  time,  for  some  reason  unknown  to  the  author,  it  proved  im¬ 
possible  to  duplicate  these  results. 

The  writer  believes  that  this  deterioration  in  performance  quality  is 
very  likely  due  to  changes  in  the  optical  alignment  of  the  system.  The 
rod  lattice  supports  which  serve  as  an  optical  bench  are  quite  useful  in 
initial  experimental  work  because  of  the  flexibility  of  the  structure.  How¬ 
ever,  the  clamps  do  not  hold  well  and  it  is  quite  tedious  and  time  consuming 
to  realign  the  optical  apparatus.  It  haul  boon  the  writer's  experience  m&tfy 'y 
small  changes  in  optical  alignment  can  cause  considerable  changes  in 

'  :  .  :  *  \  J  '  t- 

viewing  quality.  In  addition,  it  requires  only  a  few  minutes  of  tilt  in  the, 

,  „.r  ,  "  '  .  I  ■  vt'T*  '  '■  ' 

plane  of  the  specimen  to  cause  a  change  hi  the  observed  specimen  reflection. 
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FIG.  7-7  TEST  PHOTOGRAPHS 
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Considerable  difficulties  were  encountered  in  the  operation  of  the 
flash  lamp.  The  electrode  configuration  mentioned  in  Chapter  VI  helped 
somewhat  on  the  holdoff  characteristics  of  the  lamp,  but  still  did  not 
enable  lamp  operation  above  2700  volts.  The  lamps  are  not  precision 
manufactured;  consequently,  every  time  a  lamp  was  replaced,  the  position 
of  the  discharge  area  with  respect  to  the  flash  lamp  lens  would  be  altered, 
necessitating  a  realignment  of  lamp  assembly.  The  angle  of  incidence 
would  then  be  changed,  requiring  a  readjustment  of  the  polarizers  in 
order  to  maintain  good  contrast.  The  lamp  voltage  also  decreased 
slightly  during  operation;  the  end  result  was  that  the  lamp  was  operated 
at  2400  volts,  at  which  voltage  its  light  output  is  about  two-thirds  of  its 
maximum  possible  output. 

Operation  of  the  electro-optical  shutter  in  excess  of  its  initial  design 
voltage  caused  corona  problems  which  in  turn  increased  the  tendency  of 
arcing  from  the  thyratron  anode  cap.  As  this  became  progressively 
worse,  it  became  necessary  to  reduce  the  shutter  voltage  to  38  ,  000  volts, 
causing  a  ten  per  cent  decrease  in  light  transmission. 

These  were  the  major  contributive  factors  which  led  to  the  use  of  the 
triple  exposure  technique.  Their  correction  would  require  that  a  major 
portion  of  the  optical  apparatus  be  rebuilt,  but  time  did  not  allow  such  a 
remedy. 

7.  3  Visual  Observation  with  Short  Pulses 

Using  field  pulses  of  short  duration  (75  mjjsec,  150  mj*sec,  and 
300  nvisec),  some  interesting  specimen  behavior  was  observed  by  visually 
observing  the  specimen  through  the  telescope,  Illumination  in  this  case 
was  provided  by  the  zirconium  arc  source.  Observations  were  made  at 
various  pulse  repetition  rates. 

With  rapid  pulse  sequences,  one  observes  reversal  which  appears  to 
be  domain  propagation  in  slow  motion.  For  low  field  amplitudes,  domain 
nucleation  occurs  only  at  tbs  edges  of  the  specimen. 
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At  the  lowest  amplitudes  at  which  reversal  occurred  in  one  particular 
specimen,  the  initial  nucleation  occurred  at  a  total  of  eight  points  on  the 
specimen  boundary.  As  the  amplitude  is  increased,  the  number  of 
nucleation  points  increased  also,  until  the  reversal  consisted  of  two 
fronts  advancing  towards  each  other  in  a  manner  similar  to  that  illustrated 
in  Fig.  7-2.  Increasing  the  amplitude  still  further  caused  nucleation  to 
occur  at  points  other  than  on  the  specimen  boundary. 

At  this  stage,  reversal  was  occurring  so  rapidly  that  the  pulse  rate 
had  to  be  decreased  to  the  point  that  continuous  motion  was  no  longer 
apparent.  It  was  now  observed  that  a  single  pulse  on  an  initially  saturated 
specimen  could  cause  very  small  domains  to  appear  throughout  the  entire 
specimen,  very  similar  to  the  appearance  of  pepper  scattered  on  a  piece 
of  paper.  The  field  threshold  for  this  nucleation  to  appear  could  be  de¬ 
termined  to  within  about  four  per  cent. 

Further  experiments  with  varying  pulse  lengths  showpd  that  the  field 
threshold  decreased  as  the  pulse  length  was  increased.  This  dependence 
leads  the  writer  to  conclude  that  these  nucleations  occur  at  regions  of  low 
(anisotropy  field).  If  they  arose  from  imperfections,  it  seems  that 
there  should  be  threshold  dependence  only  on  pulse  field  amplitude.  Con¬ 
sider,  however,  the  rotational  process  which  would  occur  in  a  region  of 
low  Hj^.  When  a  step  function  magnetic  field  of  sufficient  magnitude  is 
applied,  the  low  Hg  region  begins  to  rotate.  The  rotational  process  also 
occurs  in  the  surrounding  area,  but  the  low  region  progresses  at  a 
faster  rate.  If  the  pulse  field  is  removed  at  a  time  when  the  low  region 
has  rotated  by  less  than  90  degrees,  then  the  magnetization  vector  collapses 
to  its  original  state.  If  the  field  is  removed  when  the  rotation  is  greater 
than  90  degrees,  the  magnetization  vector  will  try  to  realign  itself  with  the 
anisotropy  field,  resulting  in  the  formation  of  a  reversed  domain  in  the  low 
Hj£  region.  The  verification  of  this  hypothesis  obviously  requires  further 
experimental  work. 
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7.4  Apparatus  Improvements 

By  this  time,  the  reader  has  probably  gathered  that  there  are  many 
improvements  which  could  be  made  over  the  present  system.  The  following 
is  a  listing  of  the  major  improvements  which  the  author  would  incorparate 
in  a  rebuilding  of  this  apparatus. 

1 .  Optical  component  mounting .  The  entire  optic: al.  system 
should  be  mounted  on  a  rigid  heavy-duty  optical  bench. 

The  design  of  this  bench  should  be  such  that  the  various 
optical  components  could  be  easily  removed  from  and  re¬ 
placed  on  the  bench  without  requiring  any  optical  aligning. 

It  would  be  desirable  to  include  some  means  for  easily 
varying  the  angle  of  incidence. 

2.  Flash  lamp .  The  flash  lamp  should  be  mounted  in  a  housing 
which  will  prevent  radiation  of  magnetic  fields  and  allow 
positioning  of  the  lamp  with  respect  to  the  flash  lamp  lens. 

A  trigger  electrode  configuration  should  be  determined  which 
will  allow  the  lamp  to  be  operated  at  its  maximum  holdoff 
voltage. 

3.  Electro-optical  shutter.  The  shutter  should  be  redesigned 
to  operate  at  30,  000  to  35,  000  volts.  This  should  alleviate 
the  arc -over  problems  which  are  presently  being  encountered. 

4.  Shielding.  All  high  current  and  high  voltage  units  should  be 
more  adequately  shielded  to  prevent  false  triggering.  This  has 
been  only  an  occasional  problem  but  should  be  guarded  against. 

5.  Camera.  It  would  be  extremely  convenient  to  build  a  special 
camera  for  the  system.  Such  a  camera  would  have  automatic 
film  advance  and  a  solenoid  operated  shutter  and  would  be  de¬ 
signed  to  maintain  the  film  plane  position  within  .  001  inch. 

Some  means  for  accurately  and  easily  setting  the  angle  of  the 
film  plane  should  be  included. 
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6.  System  transmission  measurement .  At  present  it  is  necessary 

to  take  a  large  number  of  photographs  at  various  polarizer  settings 
to  determine  the  best  polarizer  adjustments  for  photographic  work. 
This  procedure  could  be  minimized,  and  pbssibly  eliminated,  by 
providing  a  modulated  light  source  and  a  photo  multiplier  detector 
which  could  be  used  to  measure  system  transmission  and  con¬ 
trast  ratio.  This  arrangement  could  also  be  used  to  make  direct 

measurements  of  the  value  of  r.  . 

k 

7.  Revision  of  optics  .  Preliminary  examination  has  indicated  that 
the  lens  arrangement  between  the  specimen  and  the  photographic 
film  can  be  revised  to  obtain  an  increased  field  of  view.  The 
revised  setup  would  use  the  present  polarizers  but  would  require 
four  lenses  rather  than  the  present  two.  Sufficient  flexibility  of 
design  would  be  available  to  allow  the  distortion  parameter  to  be 
reduced  to  zero  (see  Section  4.4). 


7.  5  Summary  and  Conclusions 

The  present  work  has  demonstrated  the  feasibility  of  making  thin  ferro¬ 
magnetic  film  reversal  studies  by  a  combination  of  magneto-optic  and 
high-speed  photographic  techniques.  Problems  in  the  present  apparatus 
prevent  the  full  illustration  of  the  possibilities  of  this  study  technique,  but 
the  writer  believes  that  an  apparatus  capable  of  single  exposure  photographs 
of  ten  or  twenty  millimicroseconds  duration  is  quite  practical. 

The  ramifications  of  this  work  indicate  several  interesting  experimental 
projects  which  could  be  undertaken.  The  threshold  observations  mentioned 
in  Section  7 .  3  could  be  extended  to  a  study  under  varying  conditions  of 
transverse  bias  field,  longitudinal  switching  field,  and  pulse  duration.  If 
the  "pepper  patterns"  observed  are  indeed  the  result  of  a  rotational  pro¬ 
cess,  the  experimental  observations  coupled  with  an  analysis  of  the  rotation 
of  a  low  Hg  region  in  a  specimen  in  response  to  a  Step  field  should  prove 
quite  fruitful  toward  understanding  the  onset  of  the  nonhomogeneous  rotational 


mode. 
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System  transmission  measuring  apparatus  can  be  used  to  directly 
determine  the  magnitude  of  rk<  the  magneto-optic  reflection  coefficient 
magnitude.  Whether  or  not  the  phase  of  the  reflection  coefficient  can  be 
as  easily  determined  is  not  yet  known.  If  the  phase  can  be  measured, 
studies  of  dielectric  coatings  of  various  thicknesses  and  indices  of  re¬ 
fraction  could  be  undertaken,  yield  experimental  proof  of  the  validity 
(or  nonvalidity)  of  the  dielectric  coating  analysis  presented  in  Section  2.4. 

Other  possibilities  for  experimental  studies  have  been  mentioned  in 
Chapter  I,  and  the  reader  may  have  considered  experiments  during  the 
perusal  of  this  thesis.  The  writer  believes  that  the  Kerr  magneto-optic 
effect,  although  a  small  effect  in  itself,  provides  a  useful  technique  for 
the  investigation  of  thin  ferromagnetic  film  reversal. 


185. 


Appendix  A 

ALTERNATIVE  TRANSMISSION  DERIVATION 


In  Section  2.2,  we  derived  the  transmission  equation  (Eq.  11-18)  using 
a  space  vector  notation.  The  derivation  can  be  carried  out  equally  well 
using  matrix  notation.  The  technique  of  Section  2.  2  lends  itself  to  the 
pictorial  vector  diagrams  incorporated  which  tend  to  give  some  physical 
insight  as  to  what  is  happening.  The  matrix  notation,  on  the  other  hand, 
shows  the  mathematical  transformation  from  stage  to  stage  more  clearly 
and  is  also  more  compact.  For  completeness,  the  derivation  in  matrix 
form  is  presented  here. 

We  can  consider  that  there  are  three  sets  of  planar  coordinates  involved 
in  the  transmission  analysis.  Let  us  denote  unit  space  vectors,  all  of  which 
are  perpendicular  to  the  z~axis,  as  follows: 


'ip  lies  in  the  principal  plane  of  the  first  polarizer 

i  lies  in  the  minor  plane  of  the  first  polarizer 
m 

iy  lies  in  the  plane  of  Incidence 

1x  is  perpendicular  to  the  plane  of  incidence 


i  lies  in  the  principal  plane  of  the  second  polarizer 
& 


s> 


lies  in  the  minor  plane  of  the  second  polarizer 


All  of  these  unit  vectors  are  perpendicular  to  the  z-axis  (optic  axis).  From 

Section  2. 2,  we  see  that  i  and  i  form  an  angle  y,  and  that  i  and  i  form 

p  y  x  a 

an  angle  $. 

Assume  that  the  light  emerging  from  the  first  polarizer  is 


E 

om 


<77  J 


(M-l ) 


Referring  to  our  unit  vector  notations  above,  we  see  that  this  matrix 
represents  the  p-q  coordinate  system.  To  rotate  to  the  x-y  coordinate 
system,  we  premultiply  by  the  coordinate  transformation  matrix 
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sin  y  cos  y 
cos  y  -sin  y 


(M-2) 


The  process  of  reflection  from  the  specimen  is  referenced  to  the 
x-y  coordinates,  so  we  now  premultiply  by  the  amplitude  reflection  co 
efficient  matrix 


(M-3) 


and  then  by  the  coordinate  transformation  matrix 


'  cos  <j>  sin  4> 

-sin  $  cos  <j> 


(M-4) 


to  get  to  the  a-b  coordinate  system  in  which  the  second  polarizer  is 
referenced.  For  transmission  through  this  polarizer  we  simply  pre- 
multiply  by  the  transmission  matrix  for  the  polarizer 


0 

t. 


(M-5) 


Representing  the  output  from  this  polarizer  as 
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oa 
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the  total  matrix  representation  for  the  transmission  is 
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where  we  have  recognized  that  matrix  (M-l)  can  be  written  as 
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Carrying  out  the  multiplication  of  the  2x2  matrices,  we  have 
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where 


a  =  t,  ($  sin y  cos  $  +  $  cosy  cos  $  -  siny  sin$  +  $  cosy  sin $) 
1  X  X  X  K  k  y 

(A- 3a) 

a21  “*1*2  ("^x8inYsin$  -^kcosysin«J>  -^sinycos  <J>  +  cosycos  <)>) 

(A- 3b) 

a12  =  tit2  $x  cosy  cos  $  siny  cos  <|>  cosy  sin  $  siny  sin  <fr) 

(A- 3c) 

2 

a22  =  *2  (’^xcos  Tsin$  +  ^sinysin^  -^cos  ycos  4>  sinycos  4>) 


(A- 3d) 


The  transmitted  intensity  is  given  by 


I  =  [e  *  E  *1 
oa  obi 


oa 


E 


ob 


(A-4) 


which,  multiplying  out  Eq.  (A-3)  and  substituting  into  Eq.  (A-4),  is 


where  the  bar  represents  the  time  averaging  process. 
Remembering  from  Section  2.2  that 


E 

E 

E 

op 

om 

o 

and  that  the  time  average  of  S  E  is  zero,  we  carry  out  the  multiplication 

op  om  2 

in  Eq.  (A-5)  and  divide  each  side  by  Eq  to  get 

T  =  1//2  (aliall  +  a12al2  +  a2 1  a2 1  +  a22a22)  (A'6) 


Thus  far  the  derivation  is  exact,  but  the  present  result  is  too  cumbersome 
to  be  of  any  use.  Therefore,  we  shall  examine  the  matrix  coefficients  of 
Eq.  (A- 3)  and  see  what  we  can  discard.  We  know  from  previous  discussion 
in  Section  2.  2  that 


r  »  r.  (A-7) 

y  k 

Immediately  we  see  that  a22  «  a^,  and  therefore  a22  can  be  dropped 

from  further  consideration.  If  we  perform  the  multiplications  indicated 

in  Eq.  (II- 10)  and  compare  terms,  we  find  that  all  terms  containing^ 

in  Eqs.  (A-3b)  and  (A-3c)  are  negligible.  Finally,  if  we  restrict  y  and  $ 

o 

to  small  angles  (say  less  than  10  ),  the  three  terms  containing  sin  y  sin  $ 
can  also  be  neglected.  Letting 


sin?  »  y 

sin<f>  *  cos  7  *  cos  <j)  *  1 
we  can  now  write 


T  =  *1  [  PF*  +  (r  2  +  r  2)  R  2] 


(A-8) 


(11-18) 


where 
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KERR  CELL  TRANSMISSION 


Assume  a  nitrobenzene  cell  with  a  polarizer  on  either  side .  The  principal 
plane  of  the  input  polarizer  is  positioned  at  an  angle  8  with  respect  to  the 
direction  of  the  electric  field  in  the  Kerr  cell.  The  output  polarizer  is 
positioned  at  an  angle  0  +  ^  so  that  when  the  cell  is  unenergized  the 
passage  of  light  through  the  assembly  is  blocked  by  the  crossed  polarizers. 

Let  the  light  from  the  input  polarizer  entering  the  cell  have  amplitude  E^. 
Letting  the  applied  field  in  the  cell  be  in  the  x  direction  and  the  direction 
perpendicular  to  both  the  x  direction  and  the  optical  path  be  the  y  direction, 
the  amplitude  vector  of  the  light  entering  the  cell  can  be  written  as 


E  =  E, 


[; 


i  cos  8 
x 


+  i  sin  8 


-] 


(B-l) 


The  x  and  y  components  of  the  light  emerging  from  the  cell  have  a  phase 
difference  of 

6  =  2*LKE2  (V-2) 


where 

L  is  the  optical  path  through  the  energized  nitrobenzene 
K  is  the  Kerr  constant 

D  is  the  electric  field  applied  to  the  nitrobenzene 


This  difference  is  introduced  by  the  difference  in  indices  of  refraction  in 
the  x  and  y  directions  caused  by  the  electric  field.  Hence  the  E-vector 
of  light  emerging  from  the  cell  is 


E„  =  E 
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The  amplitude  of  the  E -vector  emerging  from  the  output  polarizer  is  then 
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and  the  intensity  is 


I  =  E 

=  E 
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Substituting  Eq.  (V-2)  in  Eq.  (B-4)  and  recognizing  that  the  input 

2 

intensity  is  simply  EQ  .  the  transmission  of  the  Kerr  cell  is 

T  =  sin2  20  sin2  (irLKE2)  (B-5) 


This  transmission  maximizes  for  0  =  45°  and  for  LKE2  =  y,  where  n  is 

o  C  2 

any  odd  integer.  A  plot  of  this  curve  for  0  =  45°  and  for  LKE4  varying 
from  0  to  1  is  given  in  Fig.  B-l. 
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FIG.  B-l  KERR  CELL  TRANSMISSION 
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Appendix  C 

HYDROGEN  THYRATRON  CONSIDERATIONS 


High  currents,  high  voltages,  or  both  must  be  switched  in  three  major 
items  in  the  electronic  instrumentation  --  the  field  pulse  generator,  the 
electro -optical  shutter,  and  the  flash  lamp  trigger.  The  field  pulse  gen¬ 
erator  supplies  current  pulses  up  to  40  amperes  in  amplitude  with  a  source 
impedance  at  about  80  ohms,  requiring  a  switch  which  will  hold  off  about 
3  Kv.  The  electro- optical  shutter  operates  in  the  vicinity  of  35  Kv  switch¬ 
ing  a  current  of  350  amperes  into  a  100  ohm  load.  The  flash  lamp  re¬ 
quires  a  triggering  pulse  of  about  2  Kv;  however,  because  of  the  desirability 
of  reliable  triggering  and  low  jitter,  a  6  Kv  pulse  is  used. 

In  addition,  sharp  rise  times  and  close  synchronization  are  necessary. 
Ideally,  all  switches  should  have  an  operating  time  of  about  5  m/isec  and 
jitter  of  less  than  this;  practically,  this  is  not  quite  attainable. 

The  only  devices  which  readily  meet  the  voltage  and  current  require¬ 
ments  are  spark  gaps  and  hydrogen  thyratrons.  Spark  gaps  can  be  designed 
for  excellent  rise  times1;  however,  at  high  voltages  they  require  pressur¬ 
izing  (which  is  a  nuisance),  they  require  fairly  high  triggering  voltages 
proportional  to  their  holdoff  voltage,  and  the  amount  of  jitter  can  be  quite 
large. 

hydrogen  thyratrons  are  slightly  more  limited  regarding  rise  time .  The 

2 

literature  indicates  a  minimum  rise  time  of  10  to  12  mjusec  for  a  5C22  and 

3 

about  15  to  20  mjisec  for  a  4C35  .  The  writer  has  attained  rise  times  of 
about  25  m^sec  with  3C45  thyratrons.  On  the  other  hand,  a  variety  of 
hydrogen  thyratrons  are  commercially  available  for  meeting  various 
current  and  voltage  requirements,  the  triggering  voltages  (200  to  500  volts) 
are  relatively  small  in  comparison  to  the  holdoff  voltages,  and  the  jitter  is 
between  2  and  10  mjjsec  (depending  on  the  thyratron  and  its  operating  con¬ 
ditions). 
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Martin  and  Goldberg  conducted  an  extensive  study  of  the  characteristics 
of  the  4C35  thyratron.  A  few  of  their  results  which  are  pertinent  to  the 
present  work  are  mentioned  here.  While  these  results  are  specifically 
stated  for  the  4C35  hydrogen  thyratron,  the  ideas  concerned  can  be  gener¬ 
ally  applied  to  other  hydrogen  thyratrons. 

Although  rated  at  a  maximum  holdoff  voltage  of  8  Kv,  the  dc  breakdown 
voltage  of  the  average  4C35  is  in  excess  of  25  Kv.  The  voltage  drop  across 
the  tube  after  breakdown  is  nominally  60  to  120  volts,  varying  inversely 
as  the  filament  voltage;  this  variation  is  apparently  related  to  the  voltgge 
drop  across  the  cathode  coating. 

The  rise  time  depends  to  a  large  extent  upon  the  applied  grid  voltage 

and  the  tube  pressure .  A  plot  of  rise  time  constant  versus  grid  voltage 

for  a  4C35  operating  at  an  anode  voltage  of  3  Kv  is  shown  in  Fig.  C-l.  The 

time  constant  varies  inversely  as  the  square  of  the  hydrogen  pressure;  the 

2 

normal  4C35  pressure  is  500  microns.  Wood,  et  al.  have  also  indicated 
an  inverse  relationship  between  rise  time  constant  and  anode  voltage. 

Jitter  is  largely  a  function  of  the  applied  grid  voltage.  Variation  of 
anode  delay  (i.e. ,  the  time  between  the  application  of  the  grid  voltage  and 
the  beginning  of  the  anode  drop)  as  a  function  of  grid  voltage  is  also  shown 
in  Fig.  C-l.  From  this  we  can  deduce  that  jitter  can  be  minimized  by 
triggering  pulses  of  sharp  rise  time  and  high  amplitude.  An  interesting 
point  in  the  4C35  study  is  that,  operating  at  an  anode  potential  of  3  Kv, 
breakdown  begins  to  occur  almost  precisely  36  imisec  after  a  grid  current 
of  49  ma  is  reached;  this  is  independent  of  the  applied  grid  voltage. 

The  writer's  experience  has  been  as  follows;  With  a  1258  miniature 
hydrogen  thyratron,  jitter  can  be  reduced  to  about  2  m^sec;  with  a  3C45 
the  jitter  is  about  3  to  4  m^sec;  operating  a  6587  at  excessive  anode  vol¬ 
tages,  the  jitter  is  as  much  as  30  m^sec  with  a  grid  voltage  of  150  volts, 
but  drops  to  8  m/usec.  when  the  grid  voltage  is  increased  to  450  volts. 

4 

Cobine  states  that  for  mercury  vapor  thyratrons  the  holdoff  voltage 
increases  for  decreasing  pressure.  Although  the  same  is  probably  true 
for  hydrogen  thyratrons,  no  data  has  been  found  indicating  the  magnitude 
of  the  effect. 
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